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ABSTRACT OF DISSERTATION

PROBABILISTIC APPROACH TO WATER, SEDIMENT, AND NUTRIENT
CONNECTIVITY FOR ADVANCING WATERSHED MODELLING
The goal of this dissertation is to represent the spatial and temporal domains of
water, sediment, and nutrient flux and pathways within fluvial and watershed settings. To
complete this goal, we integrate connectivity theory into watershed model structures to
simulate water, sediment, and nutrient movement at the fundamental unit they occur.
Fluvial-based sediment and nutrient flux is an important driver of global sediment and
nutrient budgets, and the quantification of which serves as an ongoing challenge to
limnologists, engineers, and watershed managers. Watershed models have been richly
developed over the past century, but are currently restrained by problems related to
omission of physical transport and detachment processes as well ambiguous
representation of active non-point sources and their transport pathways. To overcome
limitations such as these, geomorphologists introduced connectivity theory, which has
garnered popularity from watershed managers and modelers due perhaps to its ability to
explain the non-linearity of system response and explicitly detail non-point sources,
sinks, and transport pathways. Connectivity is defined herein as, “the integrated transfer
of material from source to sink facilitated by the continuum of material generation, loss,
and transport in three dimensions and through time.” Connectivity theory has matured
such that we now have a holistic view of phenomena controlling connectivity, however,
the connectivity community has not yet adopted a unified conceptual framework with the
goal of connectivity quantification. Existing connectivity models have varying
approaches to quantify connectivity such as: (1) index-based connectivity assessments;
(2) effective catchment area estimation; and (3) network-based connectivity simulations.
While these models often adequately represent the structural connections of landscape
elements, few frameworks are able to represent the variability of connectivity from
dynamic hydrologic forcings. We argue that explicit coupling of watershed models with a
unified connectivity framework will help to improve the basis of watershed modelling in
physics while avoiding problems that current watershed models possess: namely due to
spatial and temporal lumping and empirical estimations of non-point source generation
and fate. This dissertation seeks to fulfill this objective through of six studies that
advance formulation of the tenets of connectivity including the magnitude, extent, timing,
and continuity of connectivity with respect to water, sediment, and nutrients.
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1.0 ABSTRACT
Sediment connectivity has been shown in recent years to elucidate the role of the
watershed configuration in controlling sedimnet transport. However, we find no studies
develop a watershed erosion modeling framework based on sediment connectivity and few,
if any, studies have quantified sediment connectivity for gently rolling systems. We
develop a new predictive sediment connectivity model that relies on the intersecting
probabilities for sediment supply, detachment, transport, and buffers to sediment transport,
which is integrated in a watershed erosion model framework. The model predicts sediment
flux temporally and spatially across the watershed using field reconnaissance results, highresolution 1.5 meter by 1.5 meter digital elevation models, a hydrologic model, and shearbased erosion formulae. Model results validate the capability of the model to predict
erosion pathways causing sediment connectivity. More notably, disconnectivity dominates
the gently rolling watershed across all morphologic levels of the uplands, including,
microtopography from low energy undulating surfaces across the landscape, swales and
gullies only active in the highest events, karst sinkholes that disconnect drainage areas, and
floodplains that de-couple the hillslopes from the stream corridor. Results show that
sediment connectivity is predicted for about 2% or more the watershed’s area 37 days of
the year, with the remaining days showing very little or no connectivity. Only 12.8 ± 0.7%
of the gently rolling watershed shows sediment connectivity on the wettest day of the study
year. Results also highlight the importance of urban/suburban sediment pathways in gently
rolling watersheds, and dynamic and longitudinal distributions of sediment connectivity
might be further investigated in future work. We suggest the method herein provides the
modeler with an added tool to account for sediment transport criteria and has the potential
to reduce computational costs in watershed erosion modeling.
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1.1 INTRODUCTION
Watershed erosion modeling aims to simulate sediment flux in a basin to discern
impacts of sediment loss on landscape practices and sediment impacts on stream biology,
reservoir water supply, and water quality (Morris and Fan, 1998; USEPA, 2004).
However, quantifying watershed erosion has proven precarious due to spatially diverse
landscapes that can buffer and disconnect sediment pathways (Fryirs, 2013). We argue
sediment connectivity theory provides a meaningful concept to elucidate the role of the
watershed configuration and advance watershed erosion modeling, especially in light of
now often available high-resolution digital elevation models. Our motivation was to
develop a probability-based theory of sediment connectivity that may be integrated within
continuous-based watershed erosion simulations. We apply our modeling framework with
the intent to gain knowledge of sediment disconnectivity in gently rolling terrains, which
are understudied.
Currently, there is a need to advance watershed erosion models within the water
resources community. Substantial advancement of watershed erosion modeling over the
past four decades results from the intensive field data collection systems and experimental
watersheds of the 1970s and 1980s, the coupled hydrologic formulae advancement of the
1980s, and the computational and geospatial data advancements of the 1990s and 2000s
(Walling, 1983; Merritt et al., 2003; Mahoney, 2017). Researchers and practitioners now
have watershed erosion modeling platforms that are often freely available and can be
readily applied. However, current watershed models often do not explicitly account for the
three-dimensional spatial complexity of the landscape and its dynamic nature when
predicting erosion and routing of sediment.

The advanced ability of our current

computational environment allows parameterization of watershed erosion models that
shifts the physical-based functions within the models away from the inputs and parameters
for which the equations were originally designed. Often, the governing erosion formulae
providing the basis of the watershed model is one, or a few, assumed erosion processes
(e.g., plot scale sheet flow). Extrapolating these processes to the watershed scale produces
an empirically parameterized model, assuming sufficient verification data, in which the
modeler produces a posterior solution space that may not reflect the sediment detachment
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and transport occurring across the uplands. In this case, the modeler neglects the three
dimensional and temporally dynamic landscape.
Presently, we detail a promising approach to help overcome spatial complexity
limitations and advance watershed erosion modeling by coupling erosion formulae with an
investigation of watershed morphology and connectivity using high-resolution spatial data.
We argue the time is ripe to advance watershed erosion modeling by improving its
spatiotemporal context for several reasons. Highly resolved topographic and landscape
feature datasets are now often freely available, making incorporation of such data into
watershed platforms feasible. Also, geomorphologic field-based and geospatial-based
investigation have been highly advanced in recent years to focus on the topic of ‘sediment
connectivity.’ Sediment connectivity is now recognized to be a major control on sediment
budgets (Fryirs et al., 2007), but has seldom taken precedence in quantitative sediment
transport models (Ambroise, 2004; De Vente et al., 2005; Heckmann and Schwanghart,
2013).
Sediment connectivity is a contemporary term that we define similarly to Bracken
et al. (2015) as the integrated detachment and transport of sediment from source to sink
between geomorphic zones of a watershed. While the term is contemporary, we recognize
general concern for how erosion zones are connected to the stream channel (i.e., sediment
delivery) has been studied for the past 60 years (e.g., Maner and Barnes, 1953; Glymph,
1954; Schumm, 1954), if not earlier. The contemporary definition of sediment connectivity
has evolved from several bodies of sediment transport and geomorphologic literature. One
body of literature is research focused on the sediment delivery ratio, which was developed
in the 1950s and 60s by Maner and Barnes (1953), Roehl (1962), and studied extensively
thereafter. A second body of literature is the work by Schumm (1977) and researchers
thereafter, which conceptually compartmentalizes zones of the watershed by their
respective dominance of sediment production, transfer, and deposition. This work led to
numerous studies assessing sediment source-to-channel delivery at various scales (e.g.,
Ferguson, 1981; Roberts and Church, 1986; Knighton, 1989; Brunsden, 1993; Harvey,
1996; Machaelides and Wainwright, 2002).

The third body of literature is general

connectivity theory, which is defined as the transfer of matter between two landscape
compartments or throughout an entire system (Chorley and Kennedy, 1971). General
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connectivity theory was further developed by ecologists (e.g., Taylor et al., 1993 and
Pringle, 2003) until adopted by geomorphologists to describe the hydrologic connection of
geomorphologic compartments.
The contemporary idea of sediment connectivity focused herein has evolved by
synthesizing the above literature bodies. Contemporary sediment connectivity aims to
identify the watershed’s configuration and its role within the sediment continuum including
the stores and sinks of sediment, the pathways of sediment detachment and transport, and
the morphologic features disconnecting the pathways of sediment transport during
hydrologic events (Fryirs et al., 2007; Jain and Tandon, 2010) to work towards solving the
‘sediment delivery problem’ (Walling, 1983). Contemporary sediment connectivity gained
popularity in the early- and mid-2000s through conceptual work from researchers such as
Hooke (2003), Brierley et al. (2006), Fryirs et al. (2007), Bracken and Croke (2007) and
Bracken et al. (2015), and has been extended to morphological budgeting (Croke et al.,
2013) and morphometric analysis (Marchamalo et al., 2016). Current application of
sediment connectivity includes index-based, empirical, and process-based analyses (e.g.
Borselli et al., 2008; Messenzehl et al., 2014; Liu and Fu, 2016; Masselink et al., 2016;
Heckmann and Schwanghart, 2013). Sediment connectivity is implicit within empirical
models such as the sediment delivery ratio, but as identified by many researchers (e.g.,
Walling, 1983; Bracken and Croke, 2007; Fryirs, 2013), these historic sediment models
lack integration of the complex physical processes governing sediment erosion, transport,
and deposition due to spatial and temporal lumping.
We suggest sediment connectivity’s emphasis on the watershed’s configuration
provides a meaningful descriptive and topologic concept for integrating within watershed
erosion modeling. Numerous features of sediment connectivity, including its emphasis on
field assessment and geospatial modeling, are attractive for advancing watershed erosion
modeling. Field assessment of the watershed’s morphology provides the foundation of
sediment connectivity theory and allows identification of features that may disconnect
sediment pathways lacking inclusion in watershed modeling frameworks. For example,
field assessments identify sediment transport buffers such as long flat floodplains that
laterally disconnect hillslopes to the stream corridor (Fryirs, 2013). Spatially explicit
modeling of the watershed via sediment connectivity models has the potential to reflect the
4

actual three-dimensional landscape to elucidate zones of active erosion and concentrated
pathways of sediment transport (Cavalli et al., 2013). Thereafter, researchers may apply
erosion formulae typical of watershed models to active erosion zones and active
contributing area of the watershed (Ambroise, 2004), rather than extrapolating and
calibrating formulae beyond their physical-basis across the entire landscape.
We commend the pioneering and recent efforts of scientists to advance the theory
and application of sediment connectivity (e.g., Fryirs et al., 2007; Borselli et al., 2008;
Cavalli et al., 2013; Fryirs, 2013; Bracken et al., 2015; Souza et al., 2016), which in turn
provides a promising basis for improving watershed erosion models.

However, we

highlight several features of sediment connectivity theory requiring further development
to allow integration with continuous-based watershed erosion model simulations. First,
previous sediment connectivity modeling has focused on one or a few factors controlling
sediment transport in a watershed such as Fryirs et al., (2007) who focused on sediment
“dis”connectivity and Borselli et al., (2008), who focused on upstream and downstream
sediment transport. A recent perspective article emphasizes the need to consider the many
hydrologic and non-hydrologic factors controlling sediment connectivity across a
watershed (Bracken et al., 2015). Therefore, our approach aims to extend sediment
connectivity theory by developing a probabilistic framework that accounts for hydrologic
and non-hydrologic supply, detachment, transport, and disconnectivity features. Second,
sediment connectivity is dynamic by its nature and varies temporally, yet most models of
sediment connectivity are static, emphasizing physical-connections in the landscape and
do not capture dynamic features such as varying soil moisture conditions (Ambroise, 2004;
Lexartza-Artza and Wainwright, 2009; Fryirs, 2013). Therefore, our approach aims to
couple hydrologic connectivity within their watershed modeling framework to help
elucidate the dynamic nature of sediment connectivity. Third, we remind the reader that
sediment connectivity alone does not provide erosive flux prediction (Bracken et al., 2015),
and therefore we couple their sediment connectivity theory with erosive formulae within
the watershed modeling framework.
As a second contribution, we advance knowledge of sediment disconnectivity for
‘gently rolling’ watersheds.

Most slopes of our study watershed are ‘gentle’ or

‘undulating’ although the steeper sections of complex hillslopes are classified as ‘rolling’
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in our system (Sims et al., 1968, pp. 58; USDA, 2017 pp. 44). To highlight this idea, we
use the term gently rolling watershed, which has been used previously concerning
watersheds with similar terrain where fine sediment deposition occurs (e.g., Morris and
Fan, 1998) and used extensively to describe our study region (McGrain, 1983 and citations
thereafter). The upland morphology of gently rolling watersheds includes relatively stable
land surfaces and ephemeral pathways (Jarrit and Lawrence, 2007; Ford and Fox, 2014).
Mild gradients and fertile soils of gently rolling watersheds foster agricultural and suburban
land uses, which in turn further stabilizes the morphology of the sediment pathways and
floodplains. Previous studies investigating sediment disconnectivity emphasize moderate
and steep gradient systems (e.g., Fryirs et al., 2007; Borselli et al., 2008), and gently rolling
watersheds have been understudied.
The objective of the present research was twofold and includes (i) developing a
watershed erosion model grounded in probability theory for sediment connectivity and (ii)
investigating sediment connectivity and erosion within a gently rolling watershed. We
present a probabilistic-based development of sediment connectivity that is general to the
governing factors controlling sediment transport but can be tailored and parameterized for
a watershed-specific configuration. We include the concept of dynamic connectivity of
sediment transport by integrating hydrologic connectivity within a continuous-based model
simulation. We use probability theory to develop a predictive model reliant upon the
intersecting probabilities for sediment supply, detachment, transport, and the absence of
buffers. The model predicts sediment flux temporally and spatially across the watershed
using high-resolution geospatial data, field reconnaissance, external modeling of
hydrologic connectivity, and erosion formulae. We apply the model to a gently rolling
watershed to gain knowledge of sediment disconnectivity. The primary contribution herein
is a watershed erosion model that includes sediment connectivity and disconnectivity
results for a gently rolling watershed.

1.2 MODELING FRAMEWORK AND FORMULATION
The watershed erosion modeling framework includes geospatial, field assessment
and meteorological inputs that lead to three stages of model simulation to produce spatially
and temporally explicit sediment connectivity and flux outputs (see Figure 1). High6

resolution geospatial data reflect the actual three-dimensional landscape of the watershed.
Inputs from field assessment identify features that may connect and disconnect sediment
pathways across the watershed.

Continuous precipitation and weather data provide

information leading to the dynamic nature of the watershed’s connectivity.
The first stage of modeling assists with simulating dynamic connectivity by
integrating hydrologic connectivity within a continuous-based model simulation. For this
stage, we prescribe use of an off-the-shelf hydrologic model providing continuous
simulation of soil moisture conditions and runoff depth across the watershed.
The second stage of modeling simulates the probability of sediment connectivity
(see Figure 2) to estimate pathways and buffers impacting the delivery of sediment from
the uplands to the stream corridor, as a precursor to erosion rates and routing in stage three.
We express the intersecting probabilities of sediment supply, detachment, transport, and
the absence of buffers to produce the probability of sediment connectivity. In Figure 2, we
specify the union of both hydrologic and non-hydrologic processes. Mathematically, we
express the probability of sediment connectivity, 𝑃𝑃(𝐶𝐶), as

𝑃𝑃(𝐶𝐶) = 𝑃𝑃(𝑆𝑆) ∩ 𝑃𝑃(𝐷𝐷𝐻𝐻 ∪ 𝐷𝐷𝑁𝑁𝑁𝑁 ) ∩ 𝑃𝑃(𝑇𝑇𝐻𝐻 ∪ 𝑇𝑇𝑁𝑁𝑁𝑁 ) ∩ {1 − 𝑃𝑃(𝐵𝐵)} ,

(1)

where S denotes supply, DH is hydrologic detachment, DNH is non-hydrologic detachment,
TH is hydrologic transport, TNH is non-hydrologic transport, and B is buffers.

The

intersections and unions of probabilities via their multiplicative and summation definitions
becomes
𝑃𝑃(𝐶𝐶) = {𝑃𝑃(𝑆𝑆)} × {𝑃𝑃(𝐷𝐷𝐻𝐻 ) + 𝑃𝑃(𝐷𝐷𝑁𝑁𝑁𝑁 ) − 𝑃𝑃(𝐷𝐷𝐻𝐻 )𝑃𝑃(𝐷𝐷𝑁𝑁𝑁𝑁 )} × {𝑃𝑃(𝑇𝑇𝐻𝐻 ) + 𝑃𝑃(𝑇𝑇𝑁𝑁𝑁𝑁 ) −

𝑃𝑃(𝑇𝑇𝐻𝐻 )𝑃𝑃(𝑇𝑇𝑁𝑁𝑁𝑁 )} × {1 − 𝑃𝑃(𝐵𝐵)} .

(2)

The probability of sediment connectivity can be calculated when each process-associated
probability is known or can be estimated. In the present study, we take a Boolean approach
to Equation (2) by modeling each geospatial grid cell represented across the landscape as
having a probability of zero or one, and then integration provides the watershed’s net
probability of sediment connectivity. We keep Equation (2) as general for the moment
highlighting that future work could adopt a fuzzy or Bayesian approach to the probabilities
of each spatial cell.
Several features of Equation (2) require some elaboration as to their background
and justification. First, we adopt a probabilistic definition of sediment connectivity
7

because we recognize the stochastic nature of sediment transport across a heterogeneous
landscape. Probability theory has long been a suitable approach to the sediment transport
problem given the non-uniformity of sediment size distributions, the stochastic nature of
turbulence, and the heterogeneity of landscapes (see examples of such studies in Table 1).
Concerning sediment connectivity, the probability approach is attractive because of its
multiplicative ability to account for the many processes required for transport. Our
approach reflects the ideas of Borselli et al. (2008), who defines the probability of
connectivity as the probability that the landscape can transport sediment laterally and
longitudinally in the fluvial network. Second, the probability of sediment connectivity
model reflects the necessity for co-occurrence of sediment supply, detachment, and
transport conditions, as these processes are well known to potentially limit transport
(Leopold et al., 1964). Third, the model accepts the dynamic nature of the sediment
transport controls (e.g., Jencso et al., 2009) and thus couples with the stage one modeling.
Fourth, we include both non-hydrologic connectivity, i.e., connectivity caused by nonfluvial processes, and hydrologic connectivity given the recent realization of nonhydrologic prevalence (eolian transport, landslides) in some systems at some time scales
(see theory by Bracken et al., 2015).

Fifth, we explicitly include the concept of

disconnectivity via morphologic features and anthropogenic obstacles given the recent
realization that buffers can create sediment disconnectivity (Fryirs et al., 2007; Fryirs,
2013).
The probability model in Equation (2) may be applied for an entire watershed by
using spatially explicit information across the landscape and thus reflects a distributed
watershed modeling framework. The output may be used to map erosion prone features
and disconnected regions. The output has specific utility in watershed erosion modeling
because the probability of sediment connectivity for a hydrologic event is distributed
spatially and can be integrated to estimate the active watershed area for sediment transport.
The third stage of modeling simulates erosion formulae for connected features and
is tailored to the specific erosion processes known to exist in a watershed. Parameterization
of the erosion formulae will vary depending on the timescale of intent, the spatial scale
reflecting the connected feature, and the dominant sediment transport processes distributed
across the upland landscape (e.g., mass wasting, fluvial erosion, eolian transport). Outputs
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include both distributed soil loss and net sediment transport results. We intend that the
model may be verified via practical qualitative data of erosional features as well as
quantitative data such that the model may be useful as a predictive tool in watershed
studies.

1.3 MODELING APPLICATION
We apply the modeling framework to a gently rolling watershed in Kentucky USA.
We parameterize the probability of sediment connectivity for fluvial erosion processes
given the study site conditions. We keep in mind a prevalence of agricultural practices
potentially promoting unconsolidated and low vegetation cover soil surface, at least at
some times of the year in some portions of the watershed.
1.3.1 Study Site:
We applied the model to the Upper South Elkhorn watershed (65.1 km2), located in
the Inner Bluegrass physiographic region of Kentucky USA (see Figure 3). The watershed
has mixed land uses, consisting of primarily agricultural lands (55%) and urban areas
(45%) (Fry et al., 2011). The watershed was chosen for model application because (i) past
studies conducted in the watershed provide data results for calibration of modeling (Davis,
2008; Fox et al., 2010; Russo, 2009; Ford, 2011; Russo and Fox, 2012; Ford, 2014); (ii)
on-going data collection is conducted by the University of Kentucky and the United States
Geological Survey (USGS); and (iii) the proximity of the watershed to the University of
Kentucky.
Headwaters of the South Elkhorn Creek originate in southwestern Lexington,
Kentucky, within urban areas and the middle and lower watershed extends into agricultural
pastureland. Gently rolling hills and relatively mild slopes characterize the land surface.
The stream channel is bedrock-controlled with fine sediment deposits. Silt loams primarily
make up the South Elkhorn watershed’s soil cover. Upland erosion occurs primarily
through rill erosion and ephemeral gully erosion, while diffusional erosion processes (i.e.,
sheet and interrill erosion) are a minor contribution to the overall sediment flux (Gumbert,
2017; Smallwood, 2017). Livestock and construction sites in the uplands exacerbate the
detachment rates of sediment particles through the removal of protective vegetation and
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exposure to fluvial shear stresses (Evans, 2017). The Upper South Elkhorn watershed is
also characterized by long, flat floodplains adjacent to the stream network. Air temperature
ranges between, on average, 0.5°C in January to 24.5°C in July. The average yearly rainfall
for this region is 1148 mm. The climate is classified as humid subtropical (Ulack et al.,
1998).
The Inner Bluegrass Region of Kentucky USA is well-recognized as exhibiting
terrain with high karst potential (Thrailkill, 1974; Thrailkill et al., 1991; Phillips, 2015),
with the land surface showing depressions and sinkholes leading to springsheds. Based on
analyses of geospatial data files and results published by Taylor and Nelson (2008) and the
Kentucky Geological Survey (KGS, 2017), the sub-region of the South Elkhorn Watershed
is immature karst terrain (e.g., termed channel-rich/karst-poor, Phillips et al., 2004) relative
to neighboring and nearby watersheds in the Inner Bluegrass. For example, the karstimpacted drainage area of the South Elkhorn Watershed is very low (~13% of the
watershed drainage area, see Table 2) relative to other watersheds in the Inner Bluegrass
Region (e.g., nearby watersheds show karst-impacted drainage areas ranging from 26 to
99%, see Table 2). The result is highly consistent with past morphologic research in the
Inner Bluegrass karst region where the landscape is organized into discrete local zones
dominated by either karst or fluvial features, to the near-exclusion of the other (Phillips et
al., 2004). Dye traces performed in the South Elkhorn Watershed have shown that existing
sinkhole to spring flow pathways follow the same general pathways as topographic
flowlines (Currens et al., 2002). Therefore, we assume sediment pirated by sinkholes likely
does not leave the watershed’s topographic boundary. Nevertheless, we realized the
potential importance of the karst sinkhole to impart sediment disconnectivity. Hence, we
explicitly include the role of the karst terrain in watershed sediment connectivity modeling.
1.3.2 Field Assessment, Geospatial Data and Hydrologic Data:
A field assessment and geospatial analyses method was designed and carried out to
identify sediment processes (e.g., sheet, rill, and gully erosion, instream sediment storage,
channel morphology) and sediment disconnectivity. The field method combined published
methods to visually assess sediment in watersheds and streams, including region-specific
methods (NRCS, 2009; Rosgen, 2001; USEPA, 1999; Fryirs et al., 2007; Third Rock
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Consultants, 2016).

Geospatial analyses of high-resolution digital elevation models

(DEMs) and orthophotos complimented the field work and were used to map karst
sinkholes in the basin.
Before field visits, we created maps in ArcGIS (version 10.4.1) showing the stream
corridor, surrounding land cover, and tributaries. We discretized reaches into sub-reaches
and spatially identified features for field inspection.
In the field, we assessed connectivity of streambanks and floodplains, the
streambed, upland hillslopes, and tributaries. We observed the density of vegetation
surrounding the stream, the structure of the banks, and human infrastructure potentially
influencing sediment transport. We estimated channel bathymetry, morphology, and the
type and depth of sediment stored in the streambed. We assessed hillslope conditions
through identification of the type of land use, evidence of historic upland erosion, and
upland human interferences that may accelerate sediment transport via visual observations
from within the stream network coupled with orthophotograph assessment. We walked
tributaries and noted bank angles, heights, bed material, erosional hotspots, and upstream
land cover.

We geolocated photographs of (dis)connectivity within the watershed

including check dams, bedrock outcrops, point bars, depositional zones, armoring zones,
connected hillslopes, floodplains, in-stream features (riffles, runs, and pools) as well as
upland features (human or livestock interference). To assess long-term connectivity, we
coupled this method with the following procedures: (1) we inferred evidence of strongly
connected sediment transport pathways in the field by mapping erosion scars, ephemeral
gullies, and concentrated flow pathways with evidence of erosion; (2) we coupled the field
disconnectivity assessment with GIS analyses to observe larger and more prominent
landscape features that might also influence the connectivity, such as floodplains and karst
sinkholes; (3) we used general knowledge of the system gathered from field visits and data
collection the past three years of study from researchers at the University of Kentucky; and
(4) we compared landscape features, land use, and erosion pathways visually using
multiple sets of orthophotos from varying years, especially in regards to parameterizing the
probability of non-hydrologic detachment component of the model.
After completing each site visit, we post-processed reach information on a
geospatial database using a weighting and averaging technique to score qualitatively
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several watershed sedimentation parameters including erosion, deposition, and lateral and
longitudinal disconnectivity. Conglomerate scores led to the development of hotspot maps.
In particular, the presence of buffers such as floodplains, sinkholes, farm dams, and terraces
within sub-reaches qualitatively determined lateral disconnectivity. We recognized the
potential for subjectivity in the field assessment, and thus multiple researchers individually
scored each parameter of the sub-reaches and the average of the researchers’ scores was
used to create the conglomerate hotspot maps for the major parameters assessed.
One main utility of the field assessment and geospatial analyses was to understand
disconnectivity from floodplains and karst sinkholes. The land surface upstream of
floodplain buffers was assumed disconnected from the stream network and thus not
contributing to sediment flux at the watershed outlet. Approximately 5,200 points
simulated the extent of the delineated buffer features. Using ArcHydro, which is a set of
data models that delineate and characterize watersheds in ArcMap (Maidment, 2002), and
specifically the Batch watershed delineation tool, we determined the upstream contributing
area of each point to delineate disconnected land. Another feature of potential sediment
disconnectivity was water and sediment transport to karst sinkholes. Karst sinkholes are
depressions leading to active or legacy (i.e., clogged) holes in the ground surface caused
by cover collapse resulting from chemical dissolution of carbonate rock (Taylor, 1992). In
the South Elkhorn, sinkhole drainage area can vary from a few square meters to as large as
five hectares, where the former is from a relatively new cover collapse and the latter from
successive dissolution and collapse leading to depression in the land surface. During
rainfall events, runoff and eroded sediment can transport in the depressions and either
deposit or enter the karst subsurface. We quantified the extent of the sinkhole drainage
area in our study basin using published files from the USGS and the Kentucky Geological
Survey (Currens et al., 2002; Taylor and Nelson, 2008; Zhu et al., 2014; KGS, 2017).
Currens et al. (2002) as well as references cited therein performed extensive study of the
karst features in the basin and surrounding watersheds over the course of a 25 year period.
Sinkhole occurrence, drainage areas, and flow pathways were mapped in a geospatial data
file using dye trace studies, water-level data and inference, geologic structure, the existence
of significant sinkhole and spring features, and delineation methods (Currens et al., 2002;
Taylor and Nelson, 2008; Zhu et al., 2014). The karst geospatial data served to highlight
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the percent coverage of sinkholes and their pathways, and then we coupled the spatially
explicit data with sediment connectivity modeling, as discussed later.
Additional hydrologic and geospatial data served as model inputs. A land cover
map was coupled with soil survey data, as determined by the United States Department of
Agriculture (USDA), and the Natural Resources Conservation Service (NRCS). A highresolution DEM created by the Kentucky Aerial Photography and Elevation Data Program
in 2014 (KYAPED, 2014) was used to predict the probability of connectivity at 1.5 meters
by 1.5 meters. Practicality of using the high resolution DEM is a function of its availability
and computational processing time. The high resolution DEMs are freely available for the
entire state of Kentucky USA, where the study is performed. Simulation of the probability
of connectivity model using a 1.5 m DEM for a 62 km2 watershed for one year took 28
hours on a desktop PC (Intel® Core™ i7-6700 CPU at 3.40 GHz; 64-bit operating system,
x64-based processor). The computational time will increase with watershed scale, but the
time could be offset with the use of parallel computing. A USGS gage located near the
watershed provided discharge data from October 1, 2017, until the present. Turbidity and
total suspended solids data were collected intermittently in the watershed since 2005. The
National Oceanic and Atmospheric Administration (NOAA) maintains a precipitation and
temperature monitoring station at the Lexington Bluegrass Airport located centrally in the
watershed.
1.3.3 Hydrologic Modeling:
We utilize an off-the-shelf hydrologic model deemed suitable for the study
watershed to simulate the hydrologic connectivity. The Soil and Water Assessment Tool
(SWAT) was developed (Arnold et al., 1998; Neitsch et al., 2011; SWAT 2012) to simulate
the physical processes of water movement from different land uses and management
practices at various watershed scales. We chose this model due to its past successful
application in the central Kentucky USA region (Palanisamy and Workman, 2014; AlAamery et al., 2016) and its wide popularity.
Equation (3) represents the water balance equation used by SWAT to simulate the
hydrologic cycle and is presented as:
𝑆𝑆𝑆𝑆𝑡𝑡 = 𝑆𝑆𝑆𝑆0 + ∑𝑡𝑡𝑖𝑖=1(𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐸𝐸𝑎𝑎 − 𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑄𝑄𝑔𝑔𝑔𝑔 )
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(3)

where 𝑆𝑆𝑆𝑆𝑡𝑡 is the final soil water content on day t (mm of water); 𝑆𝑆𝑆𝑆0 is the initial soil
water content on day i (mm of water); 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑 is the amount of precipitation on day i (mm of

water); 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the amount of surface runoff on day i (mm of water); 𝐸𝐸𝑎𝑎 is the amount
of evapotranspiration on day i (mm of water); 𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the amount of lateral flow

(interflow) on day i (mm of water); and 𝑄𝑄𝑔𝑔𝑔𝑔 is the amount of (return flow) on day i (mm

of water). Hydrologic response units (HRUs) group landscapes with similar land uses, soil
types, and slopes. SWAT outputs runoff, soil water content, and many other parameters for
each HRU at the indicated time step. To simulate hydrologic connectivity, each of the 62
HRUs modeled within the Upper South Elkhorn were spatially mapped in ArcMap and
model results were assigned as attributes. Output parameters from SWAT used in the
probability of connectivity model include daily runoff and daily curve number for each
HRU. Daily runoff for each HRU is determined using the NRCS Curve Number method
(NRCS, 1972), which is shown in Equation (4) as
�𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑 −𝐼𝐼𝑎𝑎 �

𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = �𝑅𝑅

2

(4)

𝑑𝑑𝑑𝑑𝑑𝑑 −𝐼𝐼𝑎𝑎 +𝑆𝑆�

where 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the accumulative surface runoff or rainfall excess on a day (mm of

water), 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑 is the depth of the rain on a day (mm of water), 𝑆𝑆 is the retention parameter
(mm of water), 𝐼𝐼𝑎𝑎 is the initial abstraction on a day (mm of water) and is generally estimated

as 0.2S, the retention parameter (𝑆𝑆) varies spatially due to changes in soil, land cover, and
surface slope and temporally due to changes in soil water content. This parameter is
explained as the following
𝑆𝑆 = 25.4(

1000
𝐶𝐶𝐶𝐶

(5)

− 10)

where 𝐶𝐶𝐶𝐶 is the curve number.

Semi-automatic calibration was adopted to calibrate the SWAT model for our

watershed (Al-Aamery et al., 2016) on a daily basis. The focus of this paper investigates
sediment mobility at the event time scale because sediment connectivity is a dynamic
processes (Ambroise, 2004; Lexartza-Artza and Wainwright, 2009; Fryirs, 2013) and
because of the event-based “pulses” of sediment transport that are important at the
watershed scale (Fryirs, 2013). The Sequential Uncertainty Fitting SUFI2 of SWAT-CUP

(Abbaspour et al., 2007) was used to perform the calibration, sensitivity analysis and
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uncertainty of our results. The statistical metrics selected for this study to assess the
simulated versus the observed streamflow were the coefficient of determination 𝑅𝑅 2 , percent

bias (PBIAS%), Nash-Sutcliff Efficiency (NSE) and the ratio of the root mean square error
to the standard deviation of measured data (RSR) (Moriasi et al., 2007). The degree of
uncertainty of the calibrated model was assessed using the P-factor and R-factor (SWAT,
2012). The parameters chosen for model evaluation were selected based on what was
reported in previous studies (Arnold et al., 2012). Two years (2004-2005) of the SWAT
simulation were treated as a warm-up period. The model evaluation was consistent with
methods and results in Al-Aamery et al. (2016). Model simulation from 2006 to 2010
served as the calibration phase while 2011 to 2013 served as the validation phase. Results
from the model evaluation (see Table 3) showed the hydrologic model performed very
well. Based on hydrologic model evaluation criteria outlined in Moriasi et al. (2007), the
monthly time step model performance is considered satisfactory if the NS>0.5, RSR<0.7,
and PBIAS<±25%; our simulation met all criteria in both calibration and validation. Model
performance on daily time steps is expected to be poorer than the criteria set for monthly
time steps, somewhat relaxing the mentioned thresholds (Moriasi et al., 2007, Engel et al.,
2007). In the present case, the daily simulation meets the monthly threshold criteria further
highlighting the very good performance of the model.
1.3.4 Probability of Sediment Connectivity Modeling:
We parameterized the individual probabilities in Equation (2) as a set of discrete,
piecewise distributions to represent small regions, or geospatial cells, of the watershed.
The six probabilities were estimated for each geospatial cell, and the discretized results
were later integrated to provide continuous distribution functions applicable to the entire
watershed.
A simple piecewise function predicts the probability of sediment supply for a
geospatial cell n as
𝑃𝑃𝑖𝑖 (𝑆𝑆) = �

1, if sediment is present within the cell
0, if sediment is absent within the cell

(6)

where i is an index representing a geospatial cell. We parameterized equation (6) through

observations, both from field visits and remote sensing, of the occurrence of a sediment
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surface that might be eroded. We consider erodible surfaces to be any pervious surface.
Impervious surfaces were digitized using aerial imagery provided by the USDA National
Agriculture Imagery Program (NAIP) in 2010. The digitization of the probability of
sediment supply was converted into a raster with resolution of 1.5 meters by 1.5 meters.
We express the probability of hydrologic detachment using an excessive shear
stress approach as
𝑃𝑃𝑖𝑖𝑖𝑖 (𝐷𝐷𝐻𝐻 ) = �

1, if 𝜏𝜏𝑓𝑓 𝑖𝑖𝑖𝑖 − 𝜏𝜏𝑐𝑐𝑐𝑐 𝑖𝑖 > 0
0, if 𝜏𝜏𝑓𝑓 𝑖𝑖𝑖𝑖 − 𝜏𝜏𝑐𝑐𝑐𝑐 𝑖𝑖 ≤ 0

(7)

where j is an index representing a time step. The probability of hydrologic detachment was
a temporally varying probability because the runoff depth changes with time as function of
the distribution of precipitation and soil conditions. Equation (7) evaluates the shear stress
of the fluid in the geospatial cell, 𝜏𝜏𝑓𝑓 , with respect to the critical shear stress. The shear

stress of the fluid was approximated via the fluid momentum equation considering onedimensional uniform flow (see Jain, 2001, pp. 58). The runoff depth of the geospatial cell
for a given time step was estimated from the hydrologic model, the energy gradient was
assumed the landscape slope determined in ArcMap. The critical shear stress of the
sediment to resist erosion was parameterized by considering the soil characteristics and
land management characteristics controlling the binding of particles into aggregates
(Tisdall and Oades, 1982; Alberts et al., 1995; Foster et al., 1995; Lal, 1999). Critical shear
stress was predicted using the empirical critical shear stress equation for rangeland soil
(Alberts et al., 1995) as a function of texture, organic matter and soil bulk density, which
were available in the soil geospatial layers from the USDA.
The probability of non-hydrologic detachment considers the presence of natural or
anthropogenic disturbance agents, other than fluvial processes, that might initiate sediment
detachment as
𝑃𝑃𝑖𝑖 (𝐷𝐷𝑁𝑁𝑁𝑁 ) = �

1, if a disturbance agent exists
0, if a disturbance agent is not present

(8)

Equation (8) is not dependent on watershed scale. However, thorough field or remote
sensing observations of non-hydrologic disturbances that detach sediment from the soil
surface must be identified to parameterize the probability of non-hydrologic detachment.
Examples include livestock that trample and dislodge soil particles and mechanized
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detachment that might occur during construction. Farms with livestock nearby the stream
corridor and construction sites were digitized in ArcMap and assumed to detach sediment.
Other non-hydrologic disturbances such as tillage, vehicle traffic, and mass wasting
were not included in the analyses, which is a potential limitation of the study. However,
we assumed tillage, vehicle traffic and mass wasting to be of small importance to sediment
transport in this watershed for following reasons. Regarding tillage, almost all of the
agriculture in the watershed is hay pasture, and cultivated crops account for less than 3%
of the land cover (see Figure 3). Of the existing cultivated crops, most of the row crops
are grown with no-till, and the farming industry protects the cropland from erosion
(Smallwood, 2017).

Dirt roads and skidding trails have been shown to increase

connectivity in forest regions (López-Vicente et al., 2017). In the present study, we do not
expect roadways to cause sediment mobilization, other than water accumulation in ditches
from roadway runoff. Based on our field assessment, there are no commonly used dirt
roads in the watershed. Some gravel roads exist, but these are highly compacted. The
agriculture lands had paved or gravel roads attributed to the profitable and optical equine
industry. The agriculture of the basin is well-established pasture to serve the 3-billiondollar equine industry in the Bluegrass, and the horse farms generally do a good job of
maintaining their pastureland resource (ESR, 2013; Smallwood, 2017). The watershed
falls within the low landslide incidence (less than 1.5% of the area involved) in the United
States (Radbruch-Hall et al., 1982). We found no evidence of mass wasting in the basin
during field assessments, which is consistent with the gently rolling topography.
We parameterize the probability for upstream hydrologic transport with the
following piecewise function as
𝑃𝑃𝑖𝑖𝑖𝑖 �𝑇𝑇𝐻𝐻−𝑢𝑢𝑢𝑢 � = �

1, if 𝑆𝑆𝑎𝑎𝑎𝑎 𝑖𝑖 − 𝑆𝑆𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖 > 0
0, if 𝑆𝑆𝑎𝑎𝑎𝑎 𝑖𝑖 − 𝑆𝑆𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖 ≤ 0

(9)

where Sac indicates the slope of geospatial cell i and is assumed equal to the energy gradient
and Scr represents the critical slope required to initiate ephemeral gully incision of
geospatial cell i (Montgomery and Dietrich 1994; Vandaele et al., 1996; Torri and Poesen,
2014). Equation (9) compares the actual slope (Sac) with the critical slope (Scr) to estimate
the probability of upstream hydrologic transport. When Sac of the land surface in the
geospatial cell is greater than the Scr, the probability is one for that individual cell. We
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parameterized Sac using gradient analyses of a DEM. We parameterize Scr using the
equation of Vandaele (1993) as
𝑆𝑆𝑐𝑐𝑐𝑐 𝑖𝑖 = 𝑎𝑎𝑖𝑖 𝐴𝐴−𝑏𝑏
𝑖𝑖

(10)

where a is a coefficient representative of the local climate and land use and soil
characteristics of geospatial cell i, A is the upstream drainage area of geospatial cell i, and
b is an exponent. The theory reflects the concept that the upstream drainage area may be a
surrogate for the volume of concentrated surface runoff with sufficient magnitude and
duration to sustain erosion (Vandaele, 1993). Torri and Poesen (2014) empirically derived
a critical slope-upstream drainage area relationship for geospatial cells after extensively
reviewing data collected by many researchers from 1983 to 2011 across six continents, and
the relationship between critical slope and the upslope area was included here as
𝑆𝑆𝑐𝑐𝑐𝑐 𝑖𝑖 𝑗𝑗 = 0.73𝑐𝑐𝑖𝑖 𝑒𝑒 1.3𝑅𝑅𝑅𝑅𝐶𝐶𝑖𝑖 �0.00124𝑆𝑆0.05 𝑖𝑖𝑖𝑖 − 0.37�𝐴𝐴−0.38
𝑖𝑖

(11)

where S0.05 represents the maximum potential loss to runoff as determined from the NRCS
Curve Number (CN) method for a geospatial cell at a particular time step, RFC is the rock
fragment cover of the soil, which affects the infiltration rate of runoff, and c represents
other sources of the variation of the coefficient a from Equation (10) in geospatial cell i
not accounted for by the CN approximation. Data from Torri and Poesen’s (2014) study
included numerous landscape features, ranging from rills to large ephemeral gullies. We
included this equation in the model since these landscape features are known to facilitate
sediment transport in the study basin. The CN method is assumed appropriate because
runoff initiates in the silt loam soils, and the system as a whole is fluvial dominated.
Sinkhole drainage areas cover 13% of the drainage basin, but the sinkhole flow pathways
align well with the dendritic stream network. When runoff occurs, water is routed through

sinkholes, to the shallow subsurface, and out springheads connecting to the stream. The
CN method models the effect that vegetation, land use, and soil type have on runoff
abstraction. Initial abstraction was predicted using the empirical equation developed by
Hawkins et al. (2009) as
1000

1.15

𝑆𝑆0.05 = 0.819 �25.4 � 𝐶𝐶𝑁𝑁 − 10�
𝑖𝑖𝑖𝑖

(12)

�

where CNij represents the Curve Number of cell i at time step j. The daily curve number
output for individual HRUs via the SWAT hydrologic model represents CNij.
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We parameterized the probability for downstream hydrologic transport as
∑ 𝑆𝑆𝑢𝑢𝑢𝑢

1, if 𝑆𝑆𝑖𝑖 − 𝑁𝑁 > 0
𝑃𝑃𝑖𝑖 (𝑇𝑇𝐻𝐻−𝑑𝑑𝑑𝑑𝑑𝑑 ) = �
∑ 𝑆𝑆𝑢𝑢𝑢𝑢
0, if 𝑆𝑆𝑖𝑖 − 𝑁𝑁 ≤ 0

(13)

where Si, representative of the slope in a particular geospatial cell, was found by applying
the Slope tool in ArcMap to the Upper South Elkhorn DEM. N is representative of the
number of upstream cells flowing into cell i, determined via the Flow Accumulation tool,
which estimates the number of cells flowing into a downstream cell. ∑ 𝑆𝑆𝑢𝑢𝑢𝑢 is the sum of

the slopes of each cell upstream of cell i. This is determined by weighting the flow
accumulation raster by the slope raster. In this manner, the fluid energy to transport
sediment in cell i is compared to the incoming fluid energy. The probability of downstream
hydrologic transport parameterization reflects the static connectivity of the watershed when
surrogating slope for the energy gradient of the fluid. Note disconnected cells downstream
of connected cells do not necessarily cause deposition. Rather, we imply that disconnected

cells downstream of connected cells simply do not have the capacity to pick up more
sediment that is contributable to the stream network. We believe this is reasonable
considering very low gradient features causing deposition are explicitly included in the
probability of buffers equation and the realization that fine sediments, once entrained, can
take hours, or even days to settle (Jin and Romkens, 2001; Jin et al., 2002; Le Bissonnais
et al., 2004; Owens et al., 2007; Liu et al., 2008; Rienzi et al., 2018).
The probability of non-hydrologic transport represents processes such as eolian
transport and land sliding. However, the present application focuses on a fluvial-dominated
system only; thus non-hydrologic transport was not parameterized.
We parameterize the probability of buffer disconnectivity as
𝑃𝑃𝑖𝑖 (𝐵𝐵) = �

1, if a buffer exists
0, if a buffer does not exist

.

(14)

We identified features causing sediment disconnectivity via observations in the field
assessment. If features did exist, the entire upstream region of the watershed that was
disconnected was parameterized with 𝑃𝑃(𝐵𝐵) = 1. However, we had uncertainty regarding

the ability of karst sinkhole features to cause a net disconnectivity and act as buffers of
lateral transport (i.e., P(B)=1) within the basin. Sinkhole drainage areas are expected to

pirate transported sediment or sediment may deposit in the surface depression itself
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similarly to the fallout of sediment transported from hillslopes to floodplains. Uncertainty
of the disconnectivity occurs because pirated sediment may resurface at springheads and
therefore the sediment may reconnect back to the fluvial network. Recent studies in the
Inner Bluegrass have mixed results regarding springhead sediment production.

For

example, we analyzed karst spring sediment productivity from data reported in recent
journal papers for the Inner Bluegrass (Reed et al., 2010; Husic et al. 2017a,b). Husic et
al. (2017b) showed the Royal Spring to produce an order of magnitude lower sediment
concentration than surface streams during hydrologic events of various magnitude. Reed
et al. (2010) showed two springs in the region produced sediment concentrations on the
same order of magnitude as surface streams, albeit they collected data from rather
substantial hydrologic events with 4 to 6 cm of rainfall. In the South Elkhorn, the sinkhole
drainage area is small (13% of the drainage area) relative to surrounding basins (see Table
2) but springhead sediment production may not be negligible. Therefore, we perform
disconnectivity analyses and propagate the analyses through the probability of connectivity
modeling by considering the sinkhole drainages as disconnected and separately analyzed
the watershed considering the sinkholes as connected. The analyses provides upper and
lower level uncertainty bounds on our results.
1.3.5 Surface Erosion Modeling:
The probability of sediment connectivity model provides the spatially explicit
erosion features and the active contributing area for sediment transport in any time
step. The erosion model simulates sediment yield at the watershed outlet by integrating
the daily volume of eroded sediment from the active contributing area predicted by the
probability of connectivity model at the specified time step. Yearly sediment yield is
predicted by integrating the daily sediment yield. Daily sediment yield was predicted as
(15)

𝑆𝑆𝑦𝑦 = 𝜖𝜖𝜌𝜌𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡

where Sy is the sediment yielded at the watershed outlet from the active contributing area
(tonnes), 𝜖𝜖 is the erosion rate (m/s) as predicted by the Partheniades (1965) equation, 𝜌𝜌𝑠𝑠 is
the bulk density of the sediment (kg/m3), t is the amount of time sediment is contributed

from the active contributing area (s), l is the length of the eroding rill or ephemeral gully
(m), and w is the width of the eroding rill or ephemeral gully (m). We assume the erosion
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rate is proportional to shear stress in excess of the critical shear stress of the eroding
surface, as predicted by Partheniades (1965), as
(16)

𝜖𝜖 = 𝑘𝑘𝑑𝑑 ∗ �𝜏𝜏𝑓𝑓 − 𝜏𝜏𝑐𝑐𝑐𝑐 �

where 𝜖𝜖 is the erosion rate of the soil (m/s), kd is the erodibility coefficient (m3/N-s), 𝜏𝜏𝑐𝑐𝑐𝑐 is
the critical shear stress of the eroding surface (Pa), and 𝜏𝜏𝑓𝑓 is the effective shear stress (Pa)

of the accumulated flow on the eroding surface. The effective shear stress of the
accumulated flow on the eroding surface was approximated via the fluid momentum
equation considering one-dimensional uniform flow of runoff and runoff depth was
approximated using the Darcy-Weisbach approach (e.g., Jain, 2001). The inputs to the
erosion model including the critical shear stress of the eroding surface, bathymetries,
channel lengths, relative roughness of the channel, bulk density of the eroded sediment,
storm length, the time sediment is produced from an eroding channel, and an erodibility
coefficient are shown in Table 4.
We specified several parameters using literature-derived methods. Time of
concentration was used as a surrogate for storm length when surface erosion was occurring.
We applied three methods to estimate the storm length including the watershed lag method
(Mockus, 1961), the velocity method (NRCS, 2010), and the Kirpich equation (Wanielista
et al., 1997). Average rill and gully width was empirically parameterized using the
equation developed by Nachtergaele et al., (2002). Erodibility, kd, and critical shear stress,
𝜏𝜏𝑐𝑐𝑐𝑐 , of the eroding soil were parameterized via typical literature values (Alberts et al., 1995;
Hanson and Simon, 2001). We applied the friction factor following the Colebrook-White
equation. The relative roughness ranged between 10% and 20% of the flow depth.

To estimate the net erosion rate of the connected cells, cells were lumped into three
discrete fractions based on upstream contributing area. A flow accumulation raster within
the GIS model was multiplied with the probability of sediment connectivity raster to
estimate the upstream contributing area for each cell. We chose size fractions iteratively
such that several orders of magnitude of upstream contributing area were represented. The
average slope of the connected cells was estimated using the most connected day of the
first study year. The accumulated flow rate was determined for each cell by multiplying
the average upstream contributing area times the runoff depth at the particular time step,
and then dividing by a representative storm length.
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We performed data assimilation to reduce propagation of error from the water
model to the sediment model. As mentioned, the hydrologic model performed very well
(see Table 3). However, even when a hydrologic model performs very well, differences
between point observation and point simulation of the model results will still occur. We
did not want to propagate these differences through the sediment transport model, so we
performed data assimilation for days when the predicted average flow rate differed by more
than 30% of the actual average daily flow rate (Mahoney, 2017). In turn, the sediment
model could better reflect the actual runoff of the individual day and reduce propagation
of error to the sediment formula.
We calibrated and validated the erosion model by comparing the prediction of daily
sediment flux to sediment flux estimated via measurements at the watershed outlet.
Sediment flux estimates were completed by Russo and Fox (2012) using automated
sampling and the Einstein approach (1950). The model was iteratively calibrated so the
predicted daily sediment flux matched as closely as possible with the observed sediment
flux. Three hydrologic events were used to calibrate the model and two hydrologic events
were used for validation (Mahoney, 2017). Calibration parameters that were adjusted
included the erodibility coefficient, kd, the critical shear stress of the eroding surface 𝜏𝜏𝑐𝑐𝑐𝑐 ,
𝜖𝜖

the relative roughness of the channel surface 𝐷𝐷, the length of storm, and the contribution

time of sediment from the eroding surface. The coefficient of determination and the NashSutcliff coefficient were optimized during calibration. Thereafter, annual sediment yield
was compared with results from Russo (2009) for additional verification.

1.4 RESULTS
1.4.1 Evaluating Model Sensitivity:
We investigated how each probability in Equation (1) captured well-known erosion
mechanisms to validate the probability of connectivity model was working well. Our
validation was confirmed as shown in Figure 4 where the individual probabilities predict
disconnectivity from impervious surfaces with no sediment supply, low gradient surfaces
with limited shear, surfaces towards the top of a slope length with limited flow
accumulation, and surfaces upstream of buffers.
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We next investigated the sensitivity of the individual probabilities to the results.
Integration showed the probability of upstream transport exhibited the most control on the
probability of connectivity, and this was true of both moderate and high rainfall events
simulated throughout the model run (see Figure 5). Differences in the results for moderate
and high rainfall events show the dynamic nature of the probabilities of detachment and
upstream transport, given their dependence on hydrologic connectivity. The probabilities
of downstream transport, buffer disconnectivity, and supply are shown in Figure 5 to be
static given their dependence on the topography, morphologic features, and humanassociated land cover. The dominant control of upstream transport in the present study
qualitatively agrees with the high success of the Borselli et al. (2008) model founded on
upstream transport. Nevertheless, the results in Figure 5 show the importance of the other
individual probabilities we included in our sediment connectivity model.
Our sensitivity analysis (Figure 6) next focused on evaluating parameters in the
model affecting the sediment connectivity including the critical shear stress and sediment
transport coefficients, and results suggest our model parameterization is robust for the
conditions of our application. The critical shear stress of sediment to resist detachment
showed a lack of sensitivity until reaching a value of approximately 15 Pa (Figure 6a), and
critical shear stress parameterization beyond this threshold could reduce the sediment
connectivity by as much as 100%. The high critical shear stresses reflect surface conditions
more akin to vegetated channels and consolidated, stabilized bank soil conditions (Millar
and Quick, 1998). The 15 Pa threshold is considerably higher than the critical shear stress
expected for agricultural surface erosion processes (Alberts et al., 1995), and we do not
expect such high critical shear stress conditions across the soils of the present study. The
b exponent represents the flow condition to initiate erosion also showed a lack of sensitivity
until reaching very low values for the exponent of approximately 0.2. The very low
threshold for sensitivity reflects conditions of viscous, laminar flow conditions. Results
show that such laminar conditions would double sediment connectivity in the watershed,
and these conditions reflect the dominance of pure sheet flow or perhaps pseudo-laminar
flows with extremely high sediment concentrations. Nevertheless, we do not expect these
conditions in the concentrated turbulent flow pathways to occur in the present study
(Montgomery and Dietrich, 1994; Vandaele et al., 1996; Torri and Poesen, 2014). The c
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factor represents additional fluid and sediment pathways in the landscape that are not
captured by the surface transport formula, and previous research emphasized the ability of
the c factor to reflect piping. Torri and Poesen (2014) suggest a range of 0.1 to 0.4 reflects
pronounced piping. Results show that a c factor in this range would nearly double sediment
connectivity estimated from the model, although the South Elkhorn soils do not experience
piping given the lack of soil texture variation vertically in the soil column (Fox et al., 2006).
The South Elkhorn does have immature karst and 13% of the drainage area is sinkhole
controlled. Rather than adjusting the c factor to try and account for the karst, we accounted
for sinkholes within the probability of buffers term (see below for additional discussion of
karst sinkholes).
We next investigated the sensitivity of geospatial resolution upon the results. DEM
resolution showed a substantial impact on the results. The 9 m by 9 m DEM estimated the
probability of sediment connectivity to be nearly two times greater than the 1.5 m by 1.5
m DEM for the most highly connected days of the year (Figure 6b). The sensitivity of the
DEMs was a noteworthy result, and, on average, the deviation between the 1.5 m by 1.5 m
and 9 m by 9 m DEM was 80%. The low-resolution DEM always estimated greater
connectivity.
We carried forward the higher resolution, 1.5 m by 1.5 m, DEM when estimating
sediment connectivity for several reasons. The higher resolution DEM better reflects the
microtopography of the landscape and its ability, or lack thereof, to accumulate water,
which agrees with recent sentiment by Cavalli et al. (2013) that higher resolution DEMs
better reflect the actual landscape in connectivity studies. Visually, broad regions of
connectivity and disconnectivity agree with one another for both the 1.5 m by 1.5 m and 9
m by 9 m DEMs (see Figure 6c). However, results show the 1.5 m by 1.5 m DEM better
captures the microtopography including steeper gradient swales where water accumulates
before entering the stream while the 9 m by 9 m DEM masks across leads and ridges in the
topography and treats entire sub-regions of the land surface as connected. Also, locally
flat surfaces recognizable within the 1.5 m by 1.5 m DEM were masked in 9 m by 9 m
DEM and further increased the connectivity estimate. We inspected the results and found
delineation of the landscape contributing area was one mathematical reason for higher
connectivity estimates from the low-resolution DEM. As the upstream contributing area
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increases so too does the accumulated runoff to transport sediment in the ephemeral
pathways of the uplands reflected via the probability of upstream transport. The lower
resolution 9 m by 9 m DEM masks across locally flat surfaces in upstream geospatial scales
and in turn increases the contributing area and the probability of connectivity.
We considered the sensitivity of karst sinkholes upon connectivity results.
Sinkholes intercept approximately 13% of the watershed’s drainage and are distributed
throughout the landscape (see Figure 7). We realized the potential importance of the
sinkholes to impart sediment disconnectivity due to buffering lateral transport (i.e.,
P(B)=1) because sinkhole drainage areas may pirate transported sediment or sediment may
deposit within the surface depression. At the same time, pirated sediment may resurface
at springheads and reconnect back to the fluvial network (i.e., P(B)=0). This consideration
was also deemed possible because dye traces showed that sinkhole pathways are consistent
with the dendritic surface network in this watershed (see insert in Figure 7). We considered
a net disconnectivity versus net connectivity effect of the sinkhole drainage areas and found
that the uncertainty from the karst features had a rather small effect on results. For
example, the probability of connectivity varied from 12.1% to 13.5% on a wet day of the
simulation period when including the karst uncertainty. The result is commensurate with
the 13% coverage of sinkhole drainage in the South Elkhorn. At the same time, the results
highlight the potential of karst sinkholes to cause sediment disconnectivity from
microtopography. We include this uncertainty component by accounting for the range of
results throughout the remainder of the paper.
Generally, predicted and observed daily sediment flux values showed good
agreement when comparing data and modeling results (Figure 8a).

Assimilation of

hydrologic data during calibration and validation reduced the propagation of error from the
hydrologic model to the watershed erosion model, and we found substantial differences in
daily sediment flux when comparing assimilated and non-assimilated model runs (Figure
8b). However, data assimilation did not affect net sediment yield results at the end of the
simulation period.

The results highlight the effectiveness of our data assimilation

procedure for calibration purposes on an event-based daily to multi-day basis but also the
annual prediction capabilities of the watershed erosion model for times when data
assimilation is not possible. Annual sediment yield for the watershed (3,300 ± 140 t y-1)
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was 2% more than annual sediment yield estimated for the upland contribution reported in
Russo and Fox (2012) for the same period, which provides further verification of the
modeling results. Sensitivity analysis of parameters calibrated in the watershed erosion
model showed the importance of the erodibility coefficient (Figure 8c), which varies
widely in the literature (e.g., review in Hanson and Simon, 2001).

The time of

concentration also showed moderate sensitivity upon sediment flux while the impact of the
friction coefficient and critical shear stress of sediment to resist erosion was marginal upon
the sediment yield results.
1.4.2 Watershed Scale Results:
The probability of sediment connectivity is shown throughout the year in Figure 9
and reached a maximum value of 12.8 ± 0.7%, on March 12 (day 72 of the study year)
when high rainfall fell on wet soils. The results imply 12.8 ± 0.7% of the watershed’s
surface had the potential to erode sediment on March 12. The mean sediment connectivity
for the 104 days with some connectivity was 2.26 ± 0.1% and the standard deviation was
3.5 ± 0.15%. Sediment connectivity ranged from 0 to 1.5% for 67 of the 104 days and
ranged from 1.7% to 13% for remaining 37 days (Figure 10a). The beta distribution best
fit the dynamic connectivity results.

The beta distribution is a logical choice for

representation of the dynamic probability given the beta distribution is continuous but
bounded by 0 and 1, and therefore is suitable for representing the behavior of probabilities.
Results showed that the probability of sediment connectivity alone was not a good
predictor of sediment flux. We highlight this idea in Figure 10b, where temporal results
are different for the probability of sediment connectivity and sediment flux. Obviously,
sediment flux occurs only when some sediment connectivity exists; but sediment
connectivity by itself does not predict sediment flux, as recently noted by Bracken et al.
(2015).
Modeling results estimate that sediment connectivity was spatially distributed
across the watershed and that the northern region of the South Elkhorn Watershed exhibits
the highest sediment connectivity. We attribute the spatially distributed results to a shift
in the soil conditions in this region of the watershed. Engineering properties of the soils
shift from being dominated by moderately drained soils (i.e., NRCS hydrologic soil group
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B) in the southern and central regions of the watershed to dominated by poorly and very
poorly drained soils (i.e., NRCS hydrologic groups C and D) in the northern region of the
watershed. The NRCS attributes the shift in the engineering properties to the decrease in
percent sand and increase in percent fine clay in the northern region of the watershed
(NRCS, 2009). Sediment connectivity is slightly higher in the central-eastern region of the
watershed relative to the central-western and southern regions. The result reflects the
higher contribution of urban and suburban land uses in the central-eastern region, which in
turn produce impervious surfaces, higher estimated runoff, and therefore higher values for
the probability of hydrologic detachment and probability of upstream hydrologic transport.
We also assessed longitudinal variability of sediment connectivity by investigating
the probability of sediment connectivity from catchment (~1 km2) to mid-sized watershed
scales (~60 km2).

Longitudinal variability results included a weak increase in the

probability of sediment connectivity with scale (Figure 10c), and the variance of sediment
connectivity was highest at the smaller scale. The longitudinal variability of sediment
connectivity reflects competing processes operating at different scales in a watershed
configuration (Phillips, 2003; Borselli et al., 2008; Fryirs, 2013). Researchers suggest
relatively steep landscape gradients promote sediment connectivity at smaller scales such
as hillslope and small catchment scales (Fryirs et al., 2007). On the other hand, as the
watershed scale increases, fluid accumulation has the potential to increase fluid shear stress
and produce hydrologic connectivity for conveying sediment (Borselli et al., 2008). The
weak power function result tends to suggest the latter process, i.e., flow accumulation, for
the South Elkhorn, which we attribute to the dominance of erosion in concentrated flow
pathways as opposed to sheet erosion processes.
1.4.3 Features of Connectivity and Disconnectivity:
Unsurprisingly, sediment connectivity was high for the ephemeral network, steep
slopes in newly constructed areas, ditches adjacent to roadways, and hillslopes adjacent to
the stream (see Figure 11). In turn, erosion-prone landscape features showed sediment flux
from these sources, and the watershed erosion model results provided a spatially explicit
estimate of erosion rates (see Figure 12). The results further validated that our model was
working well because past research has suggested that erosion dominates from rill erosion,
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ephemeral gully erosion, and concentrated flow pathways in the watershed (Gumbert,
2017; Smallwood, 2017), and livestock and construction sites have been suggested to show
increased detachment rates (Evans, 2017).
More surprisingly, sediment disconnectivity was dominated by microtopography
across the gently rolling landscape. The greatest control on disconnectivity was the
probability of upstream transport (Figure 5), and upon further inspection of results from
the high-resolution DEM, we found that the disconnectivity occurs because undulating land
surfaces produces local low to zero gradient surfaces, i.e., flat slopes.

The

microtopography from the undulations causes small-sources of disconnectivity because
runoff loses its energy in small depressions. Our field visits during storm events justified
the geospatial model results. We found that even during intense rainfall events when runoff
and flow accumulation were pronounced in ditches and swales, there was little to no runoff
or sediment transport across pastureland surfaces and rather pooling within
microtopographic depressions. The microtopography identified with the high-resolution
DEM is noteworthy given the watershed itself was not flat (i.e., average hillslope gradient
was 7%).
The potential of karst microtopography to impart disconnectivity is also
noteworthy. Sinkhole microtopography may pirate transported sediment or cause fallout
within depressions similarly to floodplain deposition, thus increasing lateral
disconnectivity.

While sinkhole impact was relatively small in this basin, sinkhole

microtopography could potentially act as the dominant in neighboring basins in this region
(see Table 2) as well as other regions with karst morphology.
Other recent studies corroborate the importance of microtopography upon sediment
connectivity. Phillips et al., (2017) shows that microtopography associated with pits from
tree uprooting and local surface armoring of rock fragments can disconnect erosion
processes in an old-growth forest. Lopez et al. (2017) shows that a high-resolution DEM
is useful to reveal how microtopography impacts hydrological connectivity for roads and
skidding trails in forest catchments.

The usefulness of high-resolution DEMs is

encouraging for sediment connectivity studies.
The floodplains are another disconnecting feature, yet the floodplains did not
dominate disconnectivity as perhaps sometimes assumed. Based on our field assessment
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while walking the stream corridor, we initially presumed such a dominant behavior for the
Upper South Elkhorn Watershed due to the prevalence of floodplains with flat gradients
adjacent to the stream network. However, after completing the spatially explicit modeling,
we found that floodplains buffered only 5% of the catchment. We recognized that the net
effect of floodplains causes disconnectivity beyond the 5% measure due to the extension
of low gradient surfaces forcing deposition of sediment from adjacent hillslopes draining
to the floodplains.

Nevertheless, the net effect of the floodplains was only 35%

disconnectivity, which was low relative to the probabilities of detachment, upstream
transport, and downstream transport (i.e., 55 to 90% disconnectivity during hydrologic
events, see example in Figure 5b).

1.5 DISCUSSION
1.5.1 Spatially explicit and computational advancement of watershed erosion
modeling:
Our results show the efficacy of the probability of sediment connectivity approach
to advance watershed erosion modeling for several reasons. First, results show that the
approach accounts for spatial variability across the landscape by coupling the probability
of sediment connectivity with the high-resolution digital elevation model (DEM). The
high-resolution DEM helps resolve specific erosion features and sources, such as sediment
connectivity around roadside ditches and disconnectivity from flat land surface gradients.
In general, advantages of the 1.5 meter by 1.5 meter DEM suggest the researcher acquire
the highest resolution DEM possible, which tends to agree with sentiment in the literature
(Cavalli et al., 2013). However, some qualification is needed, and we suggest an upper
limit is conceivable based on the underlying fluid mechanics assumptions. For example,
calculations of both the probability of detachment and the probability of transport assume
the landscape gradient equals the energy gradient of the fluid.

These simplified

representations assume the fluid mechanics in a geospatial cell may be treated as uniform
flow. The assumption is reasonable, albeit a recognized practical simplification, when the
flow depth across the landscape is on the order of a few centimeters while the streamwise
length scale is two orders of magnitude greater. The assumption may break down and
require further investigation as to its sensitivity as the DEM resolution increases to a
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resolution of a few centimeters—a resolution that is no longer out of the question as
technology continues to improve. In this case, the flow depth of runoff would be on the
same order of magnitude as the resolution of the streamwise length scale, and individual
large roughness elements act as hydraulic controls indicuing non-uniformity to the flow.
The landscape gradient in the profile of the hydraulic controls will be more extreme than
the energy gradient of the flow. For example, an adverse landscape gradient has the
potential to predict disconnectivity when the decelerating flow still has sufficient fluid
shear stress to detach sediment. We point out that applying a very high, few centimeter
resolution DEM in the probability of sediment connectivity does not negate the
multiplicative theoretical basis for intersecting probabilities. However, researchers might
consider parameterizing the flow as non-uniform across the landscape for such a highresolution application.
Second, our results show that the watershed erosion model structure accounts for
supply, shear, and transport criteria of sediment transport. Coupling sediment connectivity
in watershed erosion models is a new area of research, and we suggest the approach
provides the modeler with an added tool to account for sediment transport criteria via
permutations of erosion formulae and connectivity principles. We highlight our model
application as one such permutation. The model approach considers sediment supply
limitations in a spatially explicit manner by calculating the probability of sediment supply
using geospatial analyses. The approach considers transport limitations explicitly by
calculating upstream and downstream probabilities of transport at each cell (see Figure 4)
and by identifying buffer discontinuities using field reconnaissance. With supply and
transport accounted, we emphasized the shear limitation when coupling to the surface
erosion formulae. We maximized the advantages of the spatially explicit datasets and the
quantitative hydraulic formulae when considering shear, supply and transport limitations
for the specific conditions of our system. We expect researchers may find many other
permutations of erosion formulae and connectivity principles in future modeling of
watershed erosion.
Third, we highlight that reducing the cost of computational hydrology is another
attractive feature of a connectivity-based watershed erosion model.

In the present

application, the watershed modeling included calculations for 3×1010 space-time
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combinations.

The probability of sediment connectivity subroutine added explicit

formulae to the watershed erosion model, and a geospatial modeling software performed
calculations requiring several hours to run on a desktop PC. Considering all space-time
combinations in the watershed modeling, only 0.7% of the combinations contained
connectivity. Therefore, the model carried forward only 2×108 space-time combinations
in the hydraulic and sediment transport formulae and removed 2.98×1010 space-time
calculations. Hydraulic calculations are often computationally intensive requiring solution
of implicit formulae at each space-time step. Computational sediment transport is even
more demanding as higher dimensional formulae (e.g., see above discussion of flow nonuniformities) and as researchers implement advanced routing methods. Thus, we suggest
the inclusion of the connectivity-based watershed erosion model may have a net reduction
in overall computational complexity. Further, the connectivity-based watershed erosion
model provides the flexibility to include advanced computational complexity. Simulation
of the breach of a buffer within the watershed configuration (e.g., see descriptions in
Bracken et al., 2015) allows calling up sophisticated hydraulic and sediment subroutines
that could simulate such spatiotemporal feedback and connectivity between sediment
sources and sinks.
1.5.2 Extending our view of sediment disconnectivity and connectivity:
The newly quantified features of the gently rolling watershed complement existing
knowledge and extend our view of disconnectivity. Our results agree with the concept that
the gently rolling watershed morphology includes relatively stable land surfaces,
ephemeral flow pathways, and the presence of decoupled floodplains (Jarrit and Lawrence,
2007; Ford and Fox, 2014) that can lead to trapping of as much as 90% of mobilized
sediments in disconnected land surfaces (Meade et al., 1990; Hupp, 2000; Walling et al.,
2006). Our results reflect this idea and show spatial disconnectivity on the order of 90%
on the wettest day of the year.

Microtopography across the landscape dominates

disconnectivity because local low to zero gradient surfaces cause the ponding of runoff and
sediment deposition in the undulating landscape. Our result is corroborated by past studies
where sediment erosion from diffusive processes on land surfaces of the uplands only travel
a spatial scale of several meters or less (Roering et al., 1999) as well as by recent results
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highlighting the influence of microtopography in forest catchments (Lopez et al., 2017;
Phillips et al., 2017). Karst microtopography and the ability of sinkholes to pirate
transported sediment and cause lateral disconnectivity is also noteworthy for the gently
rolling watershed. The ephemeral network represents the most connected morphology of
the uplands; however, disconnectivity persists through much of the ephemeral network
even during high magnitude events. Floodplains cause lateral disconnectivity due to their
potential to break connectivity between the ephemeral network and main channel, which
is consistent with the work of others (Goudie, 2004; Florsheim et al., 2006; Kronvang et
al., 2007; Jaeger et al., 2017).
Only about 10% of the uplands showed lateral sediment connectivity with the
stream for the gently rolling watershed, which contrasts steeper gradient systems where
connectivity results are much higher, e.g., Fryirs et al., (2007). Fryirs et al., (2007)
predicted the active contributing area for four landscape units in the upper Hunter
catchment in Australia, which have relatively high elevation, deep dissection, and a rugged,
hilly landscape. Nearly 50% of the catchment was connected for a moderate storm event,
which contrasts greatly with our gently rolling results of 10% connectivity for one of the
most hydrologically intensive days of the year.

We caution fine scale quantitative

comparisons of papers given the modeling approaches applied and DEM resolution
applied. Nevertheless, we mention the vast differences in connectivity that cast gently
rolling watersheds as event-resilient, disconnected systems.
Regarding sediment connectivity, one potentially interesting result is the net
importance of ditches and roadside gullies in the urban regions. The urban regions showed
net higher connectivity than surrounding agricultural regions. The importance of roadways
to induce erosion and sediment connectivity has been discussed previously for
mountainous catchments (Latocha, 2014), and urban sprawl, i.e., urbanization, has been
well understood to induce gully formation and channeling processes (Trimble, 1993).
However, few papers to our knowledge have reported the net importance of roadway
ditches and gullies in well-established urban environments.

More generally, these

ephemeral networks of urban and suburban regions may exhibit more sediment
connectivity than agricultural regions in gently rolling systems, given the presence of a
higher concentration of impervious surfaces and the well-defined drainage network
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promiting flow accumulation. The exception would likely be poorly managed watersheds
where agricultural best management practices have yet to be adopted.

1.6 CONCLUSIONS
Model evaluation results verify the capability of the probability of sediment
connectivity to be integrated within watershed erosion modeling.

We highlight the

potential usefulness of the approach. The modeling approach accounts for the spatial
variability of sediment connectivity across the landscape, and high-resolution DEMs were
able to predict erosion features impacting sediment connectivity and disconnectivity. We
suggest this approach provides the modeler with an added tool to account for sediment
transport criteria given that each of the individual sediment probabilities exhibit some
importance and coupling with erosion formulae provides sediment flux estimates. We also
highlight the potential ability of the approach to reduce the cost of computational hydrology
as modeling tools rely more-and-more on high-resolution prediction.
In the gently rolling watershed, results show that sediment connectivity occurs
within ephemeral pathways across the uplands, but disconnectivity dominates the
watershed configuration both spatially and temporally. All morphologic levels of the
uplands exhibit disconnecting features including microtopography causing low energy
undulating surfaces, karst sinkholes disconnecting drainage areas, and floodplains that decouple the hillslopes from the stream corridor. Only 12.8 ± 0.7% of the gently rolling
watershed shows sediment connectivity on the wettest day of the year. Spatially, results
highlight the importance of sediment connectivity in urban and suburban pathways given
the well-defined channel network and influence of impervious surfaces. Dynamic and
longitudinal results suggest the beta distribution and power function, respectively, might
be further investigated for their ability to reflect the gently rolling watershed’s connectivity
more generally.
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Table 1.1 Probability theory in sediment transport studies.
Sediment Transport Topics
that Adopt Probability Theory
Incipient
entrainment

motion

Sediment
deposition
residence time

Examples of Published Studies

and Gessler, 1970; Grass, 1970; He and Han, 1982; Torri et al.,
1990; Hsu and Holly, 1992; Cheng and Chiew, 1998; Lisle et
al., 1998; Papanicolaou et al., 2002; Wu and Chou, 2003
and Dietrich et al., 1982; Celik and Rodi, 1988; Lumborg, 2004;
Malmon et al., 2003; Pan and Huang, 2010

Erosion modeling inputs and Wright and Webster, 1991; Govindaraju and Kavvas, 1992;
parameters
Lewis et al., 1994; Quinton, 1997; Lisle et al., 1998;
Haschenburger, 1999; Govindaraju, 1998; Foster and Fell,
2000; Baban and Yusof, 2001; Robichaud et al., 2007
Sediment export and flux

Burns, 1979; Verhoff et al., 1979; Tazioli, 1981; Mehagan et
al., 1991; Borselli et al., 2008
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Table 1.2. Karst sinkhole drainage of the South Elkhorn and other neighboring Inner
Bluegrass watersheds.
*HUC 14 Watershed

Watershed Area (km2)

Sinkhole Drainage Area (km2)

Percent Karst

Upper South Elkhorn Watershed

65.1

8.3

12.8%

Cane Run Watershed

118.0

75.2

63.8%

Sinking Creek Watershed

18.7

18.5

98.9%

Steels Run Watershed

18.2

4.8

26.3%

Lee Branch

61.4

27.3

44.5%

*HUC 14 delineations are consistent with the revised USGS Watershed Boundary Dataset and the Hydrologic Unit Code (HUC) 14
description is consistent with Seaber et al. (1987).
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Table 1.3. Statistical metrics for calibration and validation of the hydrologic model.
Optimization
Gage
USGS-03289000

Total Flow Calibration (For the period 1/1/200612/31/2010)
R2
RSR
PBIAS%
NS
0.61

0.66

18.43

0.56
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Total Flow Validation ( For the period 1/1/201112/31/2013)
R2
RSR
PBIAS%
NS
0.76

0.56

5.5

0.69

Table 1.4 Erosion model inputs and parameters.
Parameter

Description

Value

Units

A1

Contributing Area, Bin 1

116 m2

A3

Contributing Area, Bin 2

951 m2

A3

Contributing Area, Bin 3

34,079 m2

τcr

Critical Shear Stress

S1

Longitudinal Slope, Bin 1

0.16 m/m

S2

Longitudinal Slope, Bin 2

0.13 m/m

S3

Longitudinal Slope, Bin 3

0.12 m/m

w1

Channel Width, Bin 1

0.088 m

w2

Channel Width, Bin 2

0.13 m

w3
ε/D
F

Channel Width, Bin 3
Relative Roughness
Darcy-Weisbach Friction Factor

0.44 m
0.1 Unitless
0.102 Unitless

ρd

Bulk Density of Eroded Sediment

1,400 kg/m3

t1

Storm Length, Erosion Time Bin 1

0.0833 hr

t2

Storm Length, Erosion Time Bin 2

0.25 hr

t3

Storm Length, Erosion Time Bin 3

0.5 hr

kd

Erodibility Coefficient

L1

Channel Length, Bin 1

L2

Channel Length, Bin 2

L3

Channel Length, Bin 3

ρw

Density of Fluid

3.5 Pa

0.0055
Varies
daily
Varies
daily
Varies
daily

cm3/N-s
m
m
m

1,000 kg/m3
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Figure 1.1. Watershed erosion modeling framework.
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Figure 1.2. Probability-based model of sediment connectivity.
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Figure 1.3. Study watershed location within the Kentucky River Basin, USA and land use.
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Figure 1.4. Sediment erosion processes exemplified within probability of connectivity
results.
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Figure 1.5. Results of examples of net impact of individual probabilities upon the
probability of sediment connectivity incorporating karst buffers. (a) Individual
probabilities of connectivity for Day 72 within the simulation period. (b) Individual
probabilities of connectivity for Day 138 within the simulation period.
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Figure 1.6. Sensitivity analysis for the probability of sediment connectivity. (a) Sensitivity
of individual parameters. (b) Sensitivity of geospatial resolution. (c) Comparison of the 1.5
m by 1.5 m DEM and the 9 m by 9 m DEM.
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Figure 1.7. Sinkhole map for the Upper South Elkhorn. Karst features drain 13% of the
watershed area. The insert illustrates dye trace flow pathways performed by the Kentucky
Geological Survey. Dye traces show that sinkhole pathways are consistent with the
dendritic surface network, which emphasizes the fluvial dominance of this particular
system. The South Elkhorn’s immature karst is consistent with the findings of Phillips et
al. (2004) for the Inner Bluegrass.
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Figure 1.8. Evaluation of the watershed erosion model results; R2 = 0.95. (a) Predicted and
observed sediment flux for specified days of the study period reflecting the upper limit where karst
is assumed to be connected. (b) Sediment flux estimated with non-assimilated and assimilated
streamflow data not accounting for the influence of karst. (c) Sensitivity analysis of parameters in
the sediment transport model.
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100

Figure 1.9. Probability of sediment connectivity results for the South Elkhorn Watershed.
(a) Probability of sediment connectivity results throughout one year reflecting the influence
of karst. (b) Probability of sediment connectivity for March 12, 2006 (day 72).
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Figure 1.10. (a) Frequency distribution for the probability of sediment connectivity
(connected days only) accounting for influence of karst. (b) Results of percent connected
versus sediment flux accounting for influence of karst. (c) Probability of sediment
connectivity versus catchment area.
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Figure 1.11. Evaluation of the probability of sediment connectivity results by inspecting
landscape features.
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Figure 1.12. Connected areas and the erosion rates for connected cells for a road network
on day 72 of 2006.
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Chapter 2. Equilibrium sediment exchange in the earth’s critical zone: evidence
from sediment fingerprinting with stable isotopes and watershed modelling
Adapted per my Springer publishing rights from Mahoney, et al., 2019. Equilibrium sediment exchange in
the earth’s critical zone: evidence from sediment fingerprinting with stable isotopes and watershed
modeling. Journal of Soils and Sediments, 19(9), 3332-3356.

2.0 ABSTRACT
Purpose: The equilibrium sediment exchange process is defined as instantaneous
deposition of suspended sediment to the streambed countered by equal erosion of sediment
from the streambed. Equilibrium exchange has rarely been included in sediment transport
studies but is needed when the sediment continuum is used to investigate the earth’s critical
zone.
Materials and methods: Numerical modelling in the watershed uplands and stream corridor
simulate sediment yield and sediment source partitioning for the Upper South Elkhorn
watershed in Kentucky, USA. We simulate equilibrium exchange when upland-derived
sediment simultaneously deposits to the streambed while streambed sediments erode.
Sediment fingerprinting with stable carbon isotopes allowed constraint of the process in a
gently rolling watershed.
Results and discussion: Carbon isotopes work well to partition upland sediment versus
streambed sediment because sediment deposited in the streambed accrues a unique
autotrophic, i.e., algal, fingerprint. Stable nitrogen isotopes do not work well to partition
the sources in this study because the nitrogen isotope fingerprint of algae falls in the middle
of the nitrogen isotope fingerprint of upland sediment. The source of sediment depends on
flow intensity for the gently rolling watershed. Streambed sediments dominate the fluvial
load for low and moderate events, while upland sediments become increasingly important
during high flows and extreme events. We used sediment fingerprinting results to calibrate
the equilibrium sediment exchange rate in the watershed sediment transport model.
Conclusions: Our sediment fingerprinting and modelling evidence suggest equilibrium
sediment exchange is a substantial process occurring in the system studied. The process
does not change the sediment load or streambed sediment storage but does impact the
quality of sediment residing in the streambed. Therefore, we suggest equilibrium sediment
exchange should be considered when the sediment continuum is used to investigate the
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critical zone. We conclude the paper by outlining future research priorities for coupling
sediment fingerprinting with watershed modelling.
2.1 INTRODUCTION
A deep understanding of sediment continuum dynamics provides a valuable
framework in which to evaluate the streambed as part of the critical zone’s response to
human impacts. Scientists are now well aware that the sediment continuum in a stream
and watershed system is more akin to discontinuities in sediment mobilization and
sustained transport than continuity or linearity (e.g., Phillips 2003; Fryirs 2013). The
current sediment paradigm is best framed by considering a range of morphologic features
across both the landscape surface and stream corridor that are connected or disconnected
as a function of non-hydrologic and hydrologic thresholds (e.g., Bracken et al. 2015). We
suggest more emphasis on the streambed and a process termed ‘equilibrium sediment
exchange’ should be considered when the critical zone is evaluated with the sediment
continuum. Equilibrium sediment exchange is the process of instantaneous deposition of
upland-derived suspended sediment to the streambed countered by equal erosion of instream sediment from the streambed (Husic et al. 2017). The process does not change the
suspended sediment load or the stored mass of sediment in the streambed reflecting
equilibrium sediment continuity (e.g., Chang 1998). Equilibrium sediment exchange
occurs because low momentum zones of sweeping coherent fluid episodically deposit
sediment to the streambed while fluid ejections episodically re-suspend bed sediment to
the water column (Cellino and Lemmin 2004; Husic et al. 2017). The equilibrium sediment
exchange process of simultaneous deposition and erosion are known to exist (Cellino and
Lemmin 2004; Winterwerp and van Kesteren 2004) but are rarely included in fluvial
sediment transport models (Husic et al. 2017).
Sediment fingerprinting using organic tracers provides a potential tool to estimate
the contribution of sediment from upland-derived and instream-derived streambed
sediment, and in turn, assist with parameterizing equilibrium sediment exchange during
watershed sediment transport modelling. Our literature review (see Table 1) suggests few
studies have used sediment fingerprinting with organic tracers to partition upland-derived
versus streambed-derived sediments, albeit we recognize several studies have considered
the streambed source. Organic tracers are expected to partition upland and streambed
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sediments for the scenario when upland sediment deposits to the streambed and then
accrues a unique fingerprint from the autotrophy of the streambed. Therefore, the success
of the approach will be conditional on a biogeochemically active streambed, an accrued
organic tracer signature that is unique, and the presence of instream fluvial storage in the
streambed. Another consideration is the streambed may be continuously evolving due to
physical and biogeochemical processes. Thus, we might expect the organic tracer
fingerprint to be non-stationary (Fox et al. 2010; Ford et al. 2015a,b), which needs to be
accounted for during critical zone simulation.
Sediment fingerprinting may partition upland and instream sediments, however, we
realize that sediment fingerprinting alone cannot provide answers such as the time-varying
nature of erosion and deposition rates, equilibrium sediment exchange rates, and
continuous sediment flux from a watershed.

Coupling sediment fingerprinting with

watershed modelling provides a useful composite tool for estimating sediment process rates
and serves as a potentially new class of sediment transport studies. In the present study, we
couple sediment fingerprinting with an upland sediment transport model that estimates
sediment connectivity in a spatially explicit manner (Mahoney et al. 2018) and an instream
sediment transport model explicitly accounting for benthic sediment stores including both
consolidated legacy sediments and the surficial fine grained laminae (Russo and Fox 2012).
We were motivated to investigate how sediment fingerprinting of upland and instream
sediments could be useful for calibrating the equilibrium sediment exchange process.
The overall goal of this paper was to investigate equilibrium sediment exchange
using sediment fingerprinting and watershed sediment transport modelling. Specific
objectives were to: (1) test and, if applicable, use sediment fingerprinting with stable
carbon and nitrogen isotopes to partition upland sediment versus streambed sediment; (2)
couple sediment fingerprinting with watershed sediment transport modelling and use
sediment fingerprinting to calibrate the equilibrium sediment exchange process; and (3)
investigate the role the equilibrium sediment exchange process plays when applying the
sediment continuum to study the earth’s critical zone.
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2.2 THEORETICAL DEVELOPMENT
Figure 1 outlines the sediment transport processes in a gently rolling watershed
framing the basis of our theoretical development. The upland morphology of gently rolling
watersheds includes relatively stable land surfaces and ephemeral sediment pathways (e.g.,
swales, gullies, roadside ditches) (Jarritt and Lawrence 2007; Ford 2011; Ford and Fox
2014; Mahoney et al. 2018). Mild hillslopes and fertile soils support agricultural and
urban/suburban land uses, which further stabilize upland sediment pathways and
floodplains (Mahoney et al. 2018). Low gradient to near zero gradient micro-topography
of gently rolling landscapes can stifle sediment transport (Mahoney et al. 2018), and the
floodplains can disconnect entire hillslopes from downstream sediment transport (Fryirs et
al. 2007a,b; Mahoney et al. 2018). Sediment delivered from the uplands to the stream
corridor during hydrologic events often fallout to temporarily stored streambed deposits
because the sediment transport carrying capacity cannot sustain the upland sediment inputs
(Russo 2009).
In the stream network, streambed storage of fluvial sediment can include
consolidated legacy sediments as well as a biologically active, unconsolidated layer known
as the surficial fine grained laminae (or SFGL, Droppo and Stone 1994; Droppo and Amos
2001). The agricultural land use of gently rolling systems produces dissolved nutrient
loading to the stream that supports autotrophy, such as benthic algae growth in and above
the SFGL (Ford and Fox 2017). The SFGL is a sediment layer on the order of a few
millimeters to centimeter thick, is fluffy and neutrally buoyant with high water content,
and has inter particle–inter floc pores where biological processes are persistent (Droppo
and Stone 1994; Droppo and Amos 2001). The SFGL can accumulate organic matter, and
the flora and fauna of the SFGL has been reviewed previously (see Russo and Fox 2012,
and references therein), and includes autotrophic algae, fungi, macrophytes, benthic
macroinvertebrates (e.g., crayfish, aquatic worms), biofilm development via the live bodies
of microorganisms and their excretions, and heterotrophic bacteria responsible for carbon
turnover and nitrogen mineralization. Taken together, these biological processes of the
SFGL have the potential to impact sediment transport through binding and decomposition
mechanisms while at the same time provide a unique organic fingerprint for sediment
fingerprinting analyses.
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As mentioned in the introduction, we consider equilibrium sediment exchange
between the water column and streambed. Equilibrium sediment exchange is the process
of instantaneous deposition of suspended sediment to the streambed countered by equal
erosion of sediment from the streambed (Husic et al. 2017). Past findings allowed us to
adopt equilibrium sediment exchange driven by the turbulent bursting phenomena (Cellino
and Lemmin 2004). The sweeping motions of turbulent bursts permit fine sediments to
arrive near bed deposits, allowing deposition. The ejection motion re-suspends bed
sediments in the water column. The downwelling-upwelling motion of turbulent bursting
provides a conceptual model for representing the sediment exchange process, even during
equilibrium conditions where zero change of suspended load in the water column occurs.
We consider the total mass of sediment transferred during equilibrium exchange, Sx, as a
function of sediment transport during bursting as follows:
𝑆𝑆𝑥𝑥 = 𝑓𝑓𝑓𝑓[suspended sediment availability, bed sediment availability,
bursting, duration of the process].

(1)

The components of Equation (1) realize equilibrium exchange is not less simple

than sediment transport prediction itself. Nevertheless, we may begin to substitute likely
governing variables controlling the components of Equation (1) as:
𝑆𝑆𝑥𝑥 = 𝑓𝑓𝑓𝑓��𝐶𝐶�𝑠𝑠 , 𝑉𝑉𝑤𝑤 , 𝑧𝑧 ∗ , 𝑑𝑑𝑠𝑠𝑠𝑠 , 𝜎𝜎𝑠𝑠𝑠𝑠 �, {𝑑𝑑𝑠𝑠𝑠𝑠 , 𝜎𝜎𝑠𝑠𝑠𝑠 , 𝑑𝑑𝑏𝑏𝑏𝑏 , 𝜎𝜎𝑏𝑏𝑏𝑏 , (𝜏𝜏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝜏𝜏𝑐𝑐𝑐𝑐 )}, {𝑆𝑆𝐵𝐵 , 𝑇𝑇𝐵𝐵−1 , 𝑘𝑘𝑠𝑠 , 𝐻𝐻}, {𝑡𝑡𝑑𝑑 }� .
(2)

The first group of variables reflects the availability of suspended sediment in the
water column to exchange with the bed including the double-averaged suspended sediment
concentration (𝐶𝐶�𝑠𝑠 ), the volume of water in the channel (𝑉𝑉𝑤𝑤 ), the distribution of suspended
sediment in the vertical via the Rouse number (𝑧𝑧 ∗ ), and properties of the suspended

sediment particle size distribution (𝑑𝑑𝑠𝑠𝑠𝑠 , 𝜎𝜎𝑠𝑠𝑠𝑠 ). Bed sediment availability for exchange may
be represented with a bed sediment supply threshold (𝑑𝑑𝑠𝑠𝑠𝑠 , 𝜎𝜎𝑠𝑠𝑠𝑠 ), particle size distribution of
the bed (𝑑𝑑𝑏𝑏𝑏𝑏 , 𝜎𝜎𝑏𝑏𝑏𝑏 ), and excess shear to allow transport during bursting (𝜏𝜏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝜏𝜏𝑐𝑐𝑐𝑐 ).

Bursting action to cause exchange may reflect the energy of turbulent bursting (𝑆𝑆𝐵𝐵 ), the
time scale of bursting called the bursting period (𝑇𝑇𝐵𝐵−1 ), and the distribution of bursting in

the water column as a function of the roughness height of the streambed (𝑘𝑘𝑠𝑠 ) and the flow

depth (𝐻𝐻). Finally, the duration (𝑡𝑡𝑑𝑑 ) of equilibrium exchange is included, which reflects
that our interest is not in the exchange from a single burst but rather the cumulative impact
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on streambed and suspended sediment over some period (e.g., hour, hydrologic event,
year).
Our theoretical development in Equations (1) and (2) does not provide a predictive
model of equilibrium exchange but does provide variables for consideration in systems
where it exists and may vary through space and time. The gently rolling watershed is
argued to provide such conditions given the high suspended sediment loads during
hydrologic events, pronounced fluvial storage, and ubiquitous nature of turbulent bursting.
As will be shown, we use sediment fingerprinting to empirically calibrate the equilibrium
exchange process. We then consider the factors in Equations (1) and (2) in our discussion
of governing processes in the basin. Sediment fingerprinting is useful in calibrating Sx
because it partitions suspended sediment arriving from the uplands with streambed
sediments.

2.3 STUDY SITE AND MATERIALS
The study site was the gently rolling Upper South Elkhorn watershed in the Inner
Bluegrass Region of Kentucky, USA (see Figure 2). The Upper South Elkhorn watershed
(61.8 km2) fits in the ‘gently rolling’ classification previously described due to generally
low gradient hillslopes with interspersed ‘rolling’ surfaces with increased slope (Sims et
al. 1968; McGrain 1983). Bedrock outcrops located throughout the stream network control
longitudinal stream morphology and create instream deposits of fine sediment. We selected
this watershed to investigate the ability of sediment fingerprinting and modelling to
elucidate equilibrium exchange because: (i) low gradient watersheds such as the Upper
South Elkhorn foster life-sustaining ecosystem processes throughout earth’s critical zone;
(ii) anthropogenic disturbance to the critical zone is often pervasive in low gradient
watersheds due to their adeptness for sustaining life; (iii) scientists recognize the
importance of low gradient watersheds in global nutrient and sediment budgets (e.g., Fox
et al. 2010; Ford and Fox 2014); and (iv) we have extensive materials associated with
historical and on-going data collection conducted by the University of Kentucky, USGS,
and Lexington-Fayette County Urban Government including raw and de-trended data,
information, and resources published in our group’s previous journal papers.
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Materials used herein from previous assessments included establishing an upper
and lower catchment and field assessment to gain background knowledge of the system
(Mahoney 2017; Mahoney et al. 2018). Two different long-term sediment data collection
sites have been established in South Elkhorn Creek (see Figure 2), and the locations nearly
divide the watershed in half. The upper catchment above Site 1 is dominated by urban land
uses (60% urban, 40% agricultural, Fox et al. 2010) and the lower catchment between Site
1 and Site 2 is primarily agricultural (28% urban, 72% agricultural, Fox et al. 2010). The
entire Upper South Elkhorn watershed is predominantly agricultural land use (44% urban,
55% agricultural, Mahoney et al. 2018). Upland field reconnaissance has shown suburban
grass lots and agricultural pastureland dominate upland land cover. Geospatial analyses of
sediment connectivity in the uplands have shown upland sediments are primarily derived
from gullies, swales, and roadside ditches (Mahoney et al. 2018).

Instream field

assessments have shown pronounced storage of fluvial sediment throughout South Elkhorn
Creek, and estimated streambed storage exceeds the annual sediment yield (Russo 2009;
Mahoney 2017; Mahoney et al. 2018).
Materials for this study also included a collection of published stable isotope data
of soils, sediments, and algae.

Nearly a decade of stable isotope measurements of

transported sediments collected from Sites 1 and 2 in Figure 2 were published for the
system (Ford 2014; Ford et al. 2015b). We collected the transported sediments
approximately weekly using sediment traps (Phillips et al. 2000) and performed stable
carbon and nitrogen isotope analyses and elemental analyses for all sediment after preprocessing and wet sieving to retain the less than 53-micron size fraction of sediments (Fox
et al. 2010; Ford et al. 2015b). Ford et al. (2015b) performed time-series analyses of the
data streams including removal of the biological-associated mean trends with empirical
mode decomposition analyses.

The decomposition analyses accounted for the non-

stationary mean in the present study. Stable isotope results of sediment sources have also
been published, including stable carbon and nitrogen isotope measurements of streambed
sediments, algae, and of grassland and agricultural soils from different particle size classes
(see Figure 2 for instream sediment sample locations; Davis 2008; Campbell et al. 2009;
Fox et al. 2010; Ford et al. 2015b). Multiple years of sediment particle size distribution
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results for the study stream were performed using microscopy of fluvial sediments and are
shown in Figure 3 (from Fox et al. 2014).
Materials also included previously published and calibrated numerical models
established for upland sediment transport, instream transport, and streambed storage for
the Upper South Elkhorn watershed. A sediment connectivity and upland erosion model
simulates transport thresholds and rates, respectively for the Upper South Elkhorn
(Mahoney et al. 2018). A sediment transport and streambed evolution model developed
for the stream corridor considers upland sediment supply to the stream corridor, bank
processes, surficial fine grained laminae processes, and fate of deeper bed sediments
(Russo and Fox 2012).

2.4 METHODS
2.4.1 Sediment fingerprinting of upland sediment versus streambed sediment:
We characterized sediment sources in the watershed as originating from the uplands
or the temporarily stored streambed deposits. The rather coarse characterization lumps
together several sub-sources, as we will discuss, but this characterization was needed to
investigate the equilibrium exchange process. For the scale considered (32.8 km2 and 61.8
km2), the upland sediment source classification lumps together all sediment classified as
‘not bed sediments’ including surface soil from both agricultural and suburban/urban land
uses as well as sediment eroded from subsurface soils of gully and swale pathways. Surface
and subsurface soils eroded from streambanks are also included in the upland sediment
classification, which is not necessarily typical. However, streambanks make up less than
1% of the sediment load in this watershed (Russo and Fox 2012). The temporarily stored
streambed deposits lump together the surficial fine grained laminae (SFGL) at the surface
of the streambed and deeper legacy sediments. However, in this system, the SFGL
contribution dominates the instream sediment production due to its high supply and low
critical shear stress (Russo and Fox 2012).
We apply stable carbon and nitrogen isotopes of sediment as potentially unique
tracers for partitioning upland sediments versus streambed sediments. Stable carbon and
nitrogen isotopes are reported using delta notation as δ13C and δ15N to indicate depletion (-
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) or enrichment (+) of the heavy (higher-mass) stable isotopes (13C and 15N) compared to
the lighter mass stable isotopes (12C and 14N) and can be defined as
𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝛿𝛿𝛿𝛿 (𝑖𝑖𝑖𝑖 ‰) = �

𝑅𝑅𝑠𝑠𝑡𝑡𝑑𝑑

− 1 � ∗ 103 ,

(3)

where Rsample is the isotope ratio (13C /12C or 15N /14N) of the sample and Rstd is the isotope
ratio of the standard (Vienna Pee Dee Belemnite, VPDB, and atmospheric nitrogen,
respectively). Stable carbon and nitrogen isotope measurements of transported and source
sediments were previously collected (Davis 2008; Campbell et al. 2009; Fox et al. 2010;
Ford et al. 2015b), as mentioned in the materials section.
Representing δ13C and δ15N of the sediment sources and sinks in the fingerprinting
method required proper selection of samples to construct the distributions (Davis and Fox
2009) and consideration of source stationarity (Fox et al. 2010). We represented the upland
sediment source with δ13C and δ15N measurements of surface and subsurface soils
(Campbell et al. 2009; Fox et al. 2010). We considered δ13C and δ15N of the less than 53micron fraction of the soil since this was the sediment particle size class we investigated.
We assume δ13C and δ15N of upland sediment were stationary. Fox (2006) found a lack of
seasonal or annual change for the less than 53-micron size fraction of upland soil, which
agrees with the relatively long turnover time of finer sized, more recalcitrant organic matter
fractions of the soil (Cambardella and Elliott 1992). While disturbances likely existed
throughout the uplands, we feel an assumption of stationarity is reasonable given that grass
cover and silt loam dominated the land cover and soils, respectively, in both agriculture
and suburban regions. We represented the streambed sediment with δ13C and δ15N
measurements of sediment collected via the Lambert and Walling (1988) method during
low flow periods (Qpk2<2.8 m3 s-1, where Qpk2 is the peak water discharge at location two
during the sediment collection period) when only instream sediment was transported. We
verified this method by comparing low flow sample results with streambed sediments
collected during the same period and found only 0.2‰ difference or less.
We assumed the streambed isotope values are non-stationary given mean trends
found in the published isotope data of streambed and transported sediments (Davis 2008;
Fox et al. 2010; Ford et al. 2015b). We subtracted the mean trend using empirical mode
decomposition to account for the non-stationarity (Ford et al. 2015b). After decomposition,
δ13C and δ15N of transported sediment included 189 and 232 measurements at Sites 1 and
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2, respectively, collected over a range of low, moderate and extreme hydrologic events.
Based on flow dependence of the dataset and previous study of sediment transport in the
watershed (Russo and Fox 2012; Mahoney et al. 2018), we divided the datasets in four
flow regimes including low flow events (Qpk2<2.8 m3 s-1), moderate events (2.8 m3 s1

<Qpk2<12.2 m3 s-1), high flow events (12.2 m3 s-1<Qpk2<24.4 m3 s-1), and extreme

hydrologic events (Qpk2>24.4 m3 s-1). We adjusted these flow regimes by a factor of 0.53
from the lower catchment (presented above) to the upper catchment using the area weighted
method. We performed source allocation via un-mixing for each flow regime and
individual hydrologic events corresponding to each sediment trap sample.
We estimated source allocation using an un-mixing model analysis specific to δ13C
and δ15N (Fox and Martin 2015). The δ13C and δ15N signatures of sediment indicate the
fingerprint of ‘sediment carbon’ and ‘sediment nitrogen’, respectively, rather than the
fingerprint of the total sediment. Therefore, the carbon and nitrogen concentration of
sediment corrected the source allocation in the un-mixing model.

The elemental

concentrations were measured with a coupled elemental analyzer during stable isotope ratio
mass spectroscopy, which is a typical analytical setup in the laboratory, and therefore the
added data needs did not place an undue burden on the researcher. Our correction was
analogous to organic matter and particle size corrections included in the traditional model
of Collins et al. (1997) and widely cited thereafter, albeit only carbon and nitrogen
concentration corrections were needed for un-mixing with δ13C and δ15N because the
concentration changes of soil are highly correlated with particle size shifts (e.g.,
Cambardella and Elliot 1992; Campbell et al. 2009). Fox and Martin (2015) extensively
described the un-mixing model formulation and only the primary governing formulae are
included here. Un-mixing simulation with δ13C and δ15N were performed as:
𝛿𝛿 13 𝐶𝐶𝑇𝑇 = ∑𝑛𝑛𝑖𝑖=1 𝛼𝛼𝑖𝑖 𝛿𝛿 13 𝐶𝐶𝑖𝑖 𝑋𝑋𝐶𝐶,𝑖𝑖 ,

𝛿𝛿 15 𝑁𝑁𝑇𝑇 = ∑𝑛𝑛𝑖𝑖=1 𝛽𝛽𝑖𝑖 𝛿𝛿 15 𝑁𝑁𝑖𝑖 𝑋𝑋𝐶𝐶,𝑖𝑖
𝑃𝑃𝑖𝑖 =

𝑇𝑇𝑇𝑇𝐶𝐶𝑇𝑇
�
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𝑇𝑇𝑇𝑇𝐶𝐶
𝑇𝑇
∑𝑛𝑛
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𝑇𝑇

, and

(5)
(6)

where T and i indicate transported and source i, respectively; α and β indicate functions for
nonconservative δ13C and δ15N during transport; ERN and ERC is the enrichment ratios; N/C
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is the nitrogen to carbon atomic ratio of sediment; XC is the carbon mass fraction; and TOC
is the organic carbon concentration of sediment. Equations (4), (5) and (6) were solved
together with constraints of unity for summation of both sediment carbon fractions and
summation of sediment fractions. We corrected for the shifts in sediment carbon and
sediment nitrogen from the sediment sources to sinks using the above equations. We treat
the nonconservative functions and enrichment ratios as zero given the source to sink
transport is less than one-day transit time. We also performed a Monte Carlo robust
analysis to account for uncertainty. Isotope tracer distributions were assumed normal, and
parameterized via data mean and variance estimates. Each realization of the Monte Carlo
simulation was solved via a random number generator to draw from the tracer distributions.
We performed a sensitivity analysis of the ensemble size, and we found 105 realizations
produced stable results for the ensemble first and second order moments. Therefore, we
used 105 realizations for each ensemble solved.
2.4.2 Numerical modelling of the equilibrium sediment exchange
Numerical modelling of the equilibrium sediment exchange required coupling an
existing upland erosion model (Mahoney et al. 2018) with an existing instream sediment
transport model (Russo and Fox 2012) and sediment fingerprinting. As outlined in
Mahoney et al. (2018), we used sediment connectivity theory in conjunction with
probability theory to model upland sediment transport pathways in the watershed (Borselli
et al. 2008; Bracken et al. 2015). We predicted upland sediment delivery to the stream
network by coupling the active contributing area predicted from the probability of
connectivity model with a threshold based erosion model. Next, the continuity equation
modelled instream sediment transport from various upland and instream sediment sources
(Russo and Fox 2012), and a new feature of the instream model was added herein to
simulate equilibrium sediment exchange calibrated using sediment fingerprinting. The
mentioned references described the original model formulations, and the model application
is described briefly below. The new methods described here include: inclusion of the
equilibrium exchange process in the instream sediment continuity equation; refined
calibration and global sensitivity analysis of the coupled model with both upland and
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instream components; and the calibration of the equilibrium exchange process using
sediment fingerprinting.
The probability of connectivity model provided spatially explicit results for the
sediment active contributing area in the watershed uplands. Ambroise (2004) defined the
active contributing area as the portion of a catchment that actively transports sediment to
the stream network at a particular time step. The model simulated connectivity at a given
time step using hydrologic modelling results from the Soil and Water Assessment Tool
(SWAT; see Al Aamery et al. (2016) for model validation), a high-resolution (2.5 m) DEM,
soil critical shear stress, orthophotographs, and morphologic data collected from field
reconnaissance and remote sensing (Mahoney et al. 2018). We used SWAT to model
hydrologic scenarios given its ability to simulate the processes of overland runoff and
subsurface antecedent moisture (Arnold et al. 1998; Neitsch et al. 2011). The probability
of sediment connectivity model represented the intersection of several threshold-based
probability equations to simulate various upland sediment transport processes. Equations
used to model the upland probability of sediment connectivity model have been included
in Supplementary Material I (see also Mahoney et al. 2018 for additional background).
Simulation of the probability of connectivity model for the Upper South Elkhorn watershed
took place using ArcMap (version 10.4) on a desktop PC (Intel® CoreTM i7-6700 CPU at
3.40 GHz; 64-bit operating system, x64-based processor) over the course of approximately
112 hours for the 4-year simulation period.
We applied the upland erosion model to active contributing cells from the
probability of connectivity model and simulated sediment flux from the uplands by
integrating the volume of eroded upland sediment at a particular time step. Upland
sediment flux was simulated as a function of the sediment erosion rate, as predicted by the
Partheniades (1965) equation, the soil bulk density, and the bathymetry of the sediment
transport pathways, as predicted by the probability of connectivity model. We allocated
connected cells to the upper or lower catchment based on their geospatial location in the
watershed, and the upland erosion model was individually applied to the discretized cells
to determine the total upland sediment flux from the upper and lower catchment at a given
time step. Equations used in the upland erosion model have been included in the section
Supplementary Material I.
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Inputs and parameter ranges used in the upland erosion model (see Table 2)
included channel bathymetry, geospatial data, hydrologic data, sediment routing
information, and soil properties. We specify several parameter ranges using literaturederived methods. Time of concentration surrogated the storm length when surface erosion
occurred (Mahoney et al. 2018). Literature values defined soil parameter ranges for critical
shear stress, relative roughness, and the erodibility coefficient (e.g., Alberts et al. 1995;
Hanson and Simon 2001). We estimated sediment bulk density using Russo and Fox
(2012). We empirically replicated the width of connected rills and ephemeral gullies using
equations developed by Nachtergaele et al. (2002). Finally, we parameterized the
longitudinal slope and contributing area of connected cells with geospatial analyses in
ArcMap v10.4. The channel length for the bins depended on the daily results from the
probability of connectivity model.
The instream sediment model simulated sediment transport from five potential
sources in the stream network by estimating erosion and deposition in a reach during a
particular time step (Russo and Fox 2012). Sediment sources included the SFGL biofilm,
SFGL sediment component, streambed, streambanks, and upland sediments. The model
accounted for sediment erosion and deposition from each source and estimated the total
contribution of each source to the total sediment yield at a given time step. Erosion and
deposition were functions of the transport capacity of the fluid, which we predicted using
the stream’s available energy to transport sediment (Julien and Simons 1985). The SFGL
layer lies atop bed sediments and has a relatively lesser critical shear stress compared to
bed sediments (Droppo and Stone 1994). Thus, we assumed the SFGL preferentially erodes
before deeper bed sediments. Sediment flux predicted from the upland erosion model
served as the supply of upland suspended sediment in the instream sediment transport
model. To account for equilibrium erosion and deposition resultant of turbulent bursts and
sweeps occurring simultaneously in a reach, we updated the sediment continuity equation
of Russo and Fox (2012) herein to include the equilibrium sediment exchange process as:
𝑗𝑗
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(10)

where Exf is the sediment exchange factor, (j) represents the stream-reach, (i) represents
the time step, (k) represents the sediment source, N represents the number of sediment
sources, 𝑆𝑆𝑆𝑆 is the mass of sediment (kg), E is erosion (kg), D is deposition (kg), Qss in is the

sediment flow rate in the reach (kg s-1), Qss up is the sediment flow rate in the reach from

the uplands (kg s-1), Qss out is the sediment flow rate out of the reach (kg s-1), and Sbed is the
mass of bed sediments (kg). Equations utilized in the instream sediment transport model
have been included in Supplementary Material II. Supplementary Material III defines all
parameters used in the modelling.
Table 3 shows the inputs and parameter ranges for the instream sediment transport
model. We defined several initial ranges using literature values. Literature suggests the
SFGL is neutrally buoyant and this is reflected by the SFGL density (Stone and Droppo
1994; Droppo and Amos 2001). The development time, maximum depth, and the
generation rate of the SFGL biofilm and sediment were parameterized from Stone and
Droppo (1994) and Droppo and Amos (2001). The ranges for the transport capacity
coefficients were empirical and we optimized these during model calibration (Dou 1974;
Ahmadi et al. 2006; Yan et al. 2008; Guy et al. 2009; Madej et al. 2009). We determined
the shear stress coefficient for unsteady flow by the boundary shear stress distribution for
a trapezoidal channel (Chang 1988). Previous research assisted in parameterization of the
critical shear stress coefficients and erodibility of the instream sediment sources (Droppo
and Amos 2001; Hanson and Simon 2001; Sanford and Maa 2001; Simon and Thomas
2002). We estimated the mean settling velocity of suspended material based on particle
size and shape for sediments in the Inner Bluegrass Region of Kentucky, USA, as described
in Fox et al. (2014). The sediment routing and flood wave coefficients were based on the
travel time between the two study points and flood routing theory (e.g., Gupta 2016). Field
reconnaissance and remote sensing helped estimate the channel bathymetry.

We

parameterized the longitudinal channel slope with longitudinal profiles and GIS analyses
of high-resolution (1.5 m) digital elevation models (KYAPED 2014).
Calibration and validation data included total suspended solids samples collected
approximately every two hours over the course of 32 storm events from 2007 until 2010
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using a Teledyne ISCO automated sampler. Of the 32 sampled storm events, we deemed
18 storms suitable for use in calibration and validation based on the quality of the data. For
example, we removed storms with little to no sediment transport from the calibration and
validation process because they may bias evaluation statistics. Other qualitative calibration
data included orthophotographs and visual reconnaissance of sediment transport pathways
collected during field assessment.
Model evaluation consisted of a three-stage calibration and validation process and
a global sensitivity and uncertainty analysis (Figure 4). Stage one calibrated the upland
probability of sediment connectivity model.

Upon running the model, we visually

compared simulated sediment transport pathways to known sediment transport pathways
identified during field reconnaissance and from orthophotographs. If the predicted
sediment transport pathways were unacceptable, then we iteratively adjusted parameters
from the probability of connectivity model until calibration was acceptable.
Stage two calibrated the upland erosion and instream sediment transport models.
We used fifteen storms from 2007 to 2009 in model calibration and three storms in 2010
for model validation. Three objective functions evaluated the model’s performance
including: (1) the Nash Sutcliffe statistic of the simulated sediment flux and observed
sediment flux for the fifteen calibration storm events; (2) equilibrium of the streambed such
that net aggradation and net degradation were nearly zero over the four-year simulation
period; and (3) long-term equilibrium of upland sediment flux and sediment flux from the
watershed outlet. Sediment transport parameters in the upland erosion and instream
sediment models were automatically adjusted until each of the criteria was fulfilled. We
included simulations fulfilling the three evaluation criteria with parameters in mutually
permissible ranges based on the literature in the solution space. We performed quasirandom, low discrepancy Sobol sequencing to generate 10,000 sets of the 20 parameters in
the coupled models. The 10,000 sets stabilized the results of the global sensitivity analysis
and sediment yield. The global sensitivity analysis was performed by determining the
sensitivity indices (Joe and Kuo 2003; Saltelli et al. 2008).
Stage three calibrated the model’s partitioning of sediment sources to the sediment
fingerprinting results collected over the simulation period. We adjusted the equilibrium
exchange factor shown in Equations (9) and (10) such that modelled sediment source
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partitioning from the sediment transport model matched the partitioned results from
sediment fingerprinting. Four different exchange factors were used in both the upper
catchment and lower catchment to represent adjustment of the equilibrium sediment
exchange process across flow regimes.

2.5 RESULTS AND DISCUSSION
2.5.1 Sediment fingerprinting of upland sediment versus streambed sediment
We found δ13C was able to discriminate the upland and instream sediment sources
while δ15N was unable to discriminate between the two sources. The δ13C value of upland
and instream sources was significantly different (p-value<0.001). The reason δ13C worked
well is because of the isotope signature differences for organic matter in the upland and
instream sediments. Upland organic matter in this study site is from C3 plants, including
northern grasses and to a lesser degree deciduous trees, with δ13C from -27 to -28‰
(Campbell et al. 2009). During litter and root decomposition to soil carbon, isotopic
enrichment of 13C occurs for the more recalcitrant organic matter product (Nadelhoffer and
Fry 1988). The δ13C values of soils in the Bluegrass Region agree with the enrichment and
show an increase in the value of δ13C for surface soils, finer sized sediment carbon pools,
and with depth in soil (Campbell et al. 2009). Subsurface soils show δ13C values as low as
-23.9‰ (Davis, 2008). The streambed sediments acquire a δ13C value that is distinct from
the upland soil.

Streambed sediments accrue stabilized benthic algae as the algae

decompose (Ford et al. 2017). δ13C of algae is -37.8(±5.5)‰ in South Elkhorn Creek (Ford
et al. 2015b). Therefore, δ13C of streambed sediment (temporal mean, -27.3‰) establishes
a sediment fingerprint that is less than δ13C of upland sediment (mean, -25.9‰).
We were unable to differentiate upland and instream sediment sources using δ15N
because the isotope distributions of upland and instream sediments were overlapping. The
δ15N value of the near-surface soil nitrogen with northern grasses is 2.5‰ in this region
(Campbell et al. 2009). During soil organic nitrogen mineralization, isotopic enrichment
increases the δ15N of the organic N substrate, and enrichment is on the order of two times
that of carbon isotope enrichment (Nadelhoffer and Fry 1988). The isotope enrichment
during mineralization is in agreement with data from our watershed and subsurface soils
have δ15N on average equal to 6.9‰ (Davis 2008; Fox et al. 2010). Therefore, our upland
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sediment δ15N value ranges from approximately 2 to 7‰. Similarly to the carbon isotopes,
streambed sediments accrue the δ15N of autotrophs. δ15N of algae is 4.95(±1.6)‰ in the
South Elkhorn Creek (Ford et al. 2015b). δ15N of algae falls in between the range of upland
surface soil and upland subsurface soil. Therefore, the accrual of stabilized benthic algae
in streambed sediments caused δ15N to be an ineffective fingerprint for separating upland
and streambed sediments.
The distribution of δ13C of transported sediment fell between the upland and
instream source end-members, and δ13C of transported sediment showed dependence on
peak water discharge for the stream during the period when the sediment trap collected the
sediment (see Figure 5). We normalized the hydrologic events presented on the x-axis in
Figures 5 and 6 by dividing the observed peak flowrate (Qp) by the mean flowrate (Qpm)
observed while collecting all of the sediment samples. We validated the relation of bulk
instream flow intensity parameters to sediment transport by separating streamflow into
baseflow and runoff using hydrograph separation techniques (e.g., Hooghoudt et al. 1940;
Arnold et al. 1995; Arnold et al. 1999; Neitsch et al. 2000). Hydrograph separation results
showed a consistent increase in the volume of upland runoff produced during hydrologic
events of increasing magnitude (see Supplementary Material IV, Figure I). The results
suggested the increased runoff and peak flow produced a greater contribution of upland
sediments to the total load, which is reflected in the increased δ13C signatures observed in
Figures 5 and 6. The hydrograph separation results suggest Figures 5 and 6 capture the
nature of upland runoff and sediment entering the stream network relatively well. However,
we recognize one improvement to this work would be quantitative hydrograph separation,
as such represented in the research of Gourdin et al. (2015), to validate and better couple
water and sediment sources in the instream model. The stable carbon isotope data
suggested a dominance of streambed sediment origin during smaller hydrologic events and
an increasing contribution of upland sediment as the magnitude of peak discharge
increases. The δ13C value of transported sediment was significantly dependent on peak
water discharge during an event at both sites (p-value<0.001 for the regression slope).
However, the results in Figure 5 suggest even during the most extreme events the
contribution of upland and instream sediment sources is on the same order of magnitude.
The results generally agree with our previous work in the watershed. We have found
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substantial loading of upland sediments occurs only during moderate to extreme rainfall
events for the gently rolling system (Mahoney et al. 2018). Also, the importance of
temporarily stored bed sediments has been suggested across all flow regimes (Russo and
Fox 2012). These results agree well with other researchers (e.g., Dalzell et al. 2005;
Walling 2005; Fox and Papanicolaou 2007; McCarney-Castle et al. 2017) who also found
a significant contribution of distal sediments to total sediment loadings during moderate
and high events. For example, Dalzell et al. (2005) used stable carbon isotopes to show a
prominence of terrestrial organic carbon in overall organic carbon export during high
magnitude hydrologic events. Fox and Papanicolaou (2007) predicted nearly 60% of the
eroded soil contributing to the total suspended sediment load during a moderate hydrologic
event had upland (proximal) origins.
We carried out the sediment fingerprinting analyses with the stable carbon isotope
tracer while accounting for changes in organic matter content of the sources in transported
sediments. On average, the upper catchment showed nearly equal percent of sediment
originating from the uplands and streambed (see Figure 6). The lower catchment only
showed equal contribution from both upland and instream sources during the 12 most
extreme events over the years where we collected samples. For the other hydrologic
events, the lower catchment was dominated by approximately three-fourths streambed
sediments and one-fourth upland derived sediments.

One main reason attributed to

differences in source percentages in the upper and lower catchments is the relative supply
of sediment sources. The surface area supplying upland sediment approximately doubles
from the upper catchment to lower catchment. However, the surface area supplying
streambed sediments is approximately four times greater in the lower catchment compared
to the upper catchment.
Uncertainty bounds on the source contributions are high for the sediment
fingerprinting results (see Figure 6), with standard error on the order of 35%, and several
reasons explain the high uncertainty. First, we were very conservative in our estimates of
uncertainty surrounding δ13C of sediment sources. We used the standard error of δ13C
surrounding source data to define uncertainty bounds, however, the watershed system
averages sources distributions to some degree during erosion and transport (Fox and
Papanicolaou 2008a). For example, for moderate and extreme hydrologic events only 4
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out of 294 data (1.3%) of transported sediment δ13C values fell outside the δ13C source
distribution space defined in Figure 5. Second, uncertainty in the results of Figure 6 reflects
temporal variability in episodic sediment transport for the 294 hydrologic events samples,
as opposed to uncertainty associated with the tracer error in sediment fingerprinting
modelling. Episodic variability exists as a spatially explicit sediment source may be
pronounced due to rainfall variability or disturbances.

The temporal variability of

individual hydrologic events is reflected in Figure 7. Similarly to Figure 6, the event results
show the upland contribution is higher during larger hydrologic events, the streambed is a
greater contributor overall, and the streambed is a greater contributor of sediment in the
lower catchment relative to the upper catchment. At the same time, the event-to-event
variability of upland versus streambed contributions is sometimes substantial in the results
of Figure 7, even when inspecting results from nearly equal peak flow conditions. Results
highlight the episodic variability of sediment transport in the basin when considering many
hydrologic events.

In summary, the mean source contributions in Figure 6 capture

temporal variability of processes and are very conservative concerning error placed on
tracer error at the source. Therefore, we have more confidence in the mean values then
perhaps reflected by the error bars because they represent variability of hydrologic events
as opposed to error introduced from sampling and analyses.
As one discussion point, the reader is reminded of the non-stationary assumption
of the streambed sediment source, which is differentiated from the term “non-conservative”
where the former reflects the changing tracer signature of the source at the source while
the latter reflects the changing of the tracer signature during transport from source to sink.
The biology of the streambed continuously evolves due to physical and biogeochemical
processes, and in turn, the organic tracer fingerprint was non-stationary (Fox et al. 2010;
Fox and Martin 2015). We needed to subtract the non-stationary mean δ13C using the
empirical mode decomposition results of Ford et al. (2015b). Our application and results
herein are in the context of previous studies where the non-stationary signature of stable
carbon and nitrogen isotopes should be considered during sediment fingerprinting. Fox et
al. (2010) used numerical modelling of the stable nitrogen isotopes of benthic sediments to
show seasonality of the tracer in the context of sediment fingerprinting. Fox and Martin
(2015) showed the stable carbon and nitrogen fingerprint of sediment from forest sediments
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exhibited non-stationarity in a two-year period following drastic forest disturbance from
ice storms and tree tip-over. Results highlight that a non-stationary tracer signature of the
streambed sediment source needs to be considered when stable isotopes are used in
sediment fingerprinting.
2.5.2 Numerical modelling of the equilibrium sediment exchange:
Calibration and validation of the coupled upland and instream sediment transport
model showed, in general, the model captured well both sediment leaving the upper
catchment and lower catchment (see Figure 8). Optimum parameters from model
calibration are reported in Table 4. The Nash Sutcliff parameter of the model solution space
was 0.37, which shows acceptable performance of the model (Moriasi et al. 2007).
Sediment yield from the watershed was 2180 ± 330 t km-2 yr-1, which was similar to
previous estimates for the basin (Russo and Fox 2012; Mahoney et al. 2018). Global
sensitivity analysis of the coupled model showed the erodibility coefficient in the upland
model was the most sensitive parameter to sediment flux from the outlet followed by the
instream sediment transport carrying capacity of the flow. The erodibility coefficient
directly impacts the fluvial erosion rate in upland gullies, swales, and ditches while the
transport capacity estimate dictates when a model reach will erode or deposit sediment in
a given time step. The sensitivity highlights the importance of both upland and instream
processes to sediment transport prediction.
The contribution of sediment originating from upland sediments and streambed
sediments was sensitive to the equilibrium sediment exchange process, and we found a
significant improvement in model results when including the equilibrium exchange process
versus model runs when the equilibrium exchange was excluded (see Figure 9). Inclusion
of the equilibrium exchange was needed to replicate results of the sediment fingerprinting.
In this manner, the sediment fingerprinting results provided independent information to
assist with investigating sediment transport.
As a discussion point, the efficacy of the sediment fingerprinting results to constrain
the sediment exchange process provides an example of an emerging class of sediment
transport studies coupling sediment fingerprinting and sediment transport modelling.
Sediment fingerprinting and sediment transport modelling have advanced in parallel in
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recent years. Sediment fingerprinting has progressed from a research tool to an accepted
method with usefulness in watershed management applications (Mukundan et al. 2012).
Sediment transport models have been developed for various applications the past three
decades with off-the-shelf tools available to the modeler and various sediment processes
considered (Papanicolaou et al. 2008). While these advancements have been in parallel,
they have also been somewhat independent, and it appears the time is ripe for greater
coupling of these tools. For example, most instream sediment transport models do not
account for soil contributions from the uplands (Papanicolaou et al. 2008), yet sediment
fingerprinting can readily provide this information to the modeler. The example in this
study serves as one step towards meeting this goal. Another recent study showed sediment
fingerprinting was useful for calibrating watershed sediment transport model parameters,
including the transport capacity coefficient, sediment delivery ratio for reclaimed mining
soils, and stream bank erosion parameters (Fox and Martin 2015). We suggest the
community might welcome additional studies under this theme as we expect many different
permutations of the modelling and fingerprinting coupling are possible.
Sediment transport results show the equilibrium exchange process transfers
sediment on the same order of magnitude as erosion and deposition fluxes in both the upper
and lower catchments over the four-year simulation period (see Figures 10 and 11). The
results illustrate the process as significant. Calibration of the equilibrium process was datadriven via the fingerprinting results (see Figure 9) However, some comparison of the
results and consideration of the parameters in Equations (1) and (2) is worthwhile. The
empirically fit exchange factor decreased in value as the peak discharge of the hydrologic
event increased for the first three flow regimes, but then increased in value for the fourth
flow regime for the upper catchment (Figure 9, Table 4). The first three flow regimes, in
general, could be classified as net streambed erosion events, while the most extreme events
of the fourth flow regime deposited high amounts of sediment to the streambed, i.e., net
deposition events in the upper catchment. The exchange factor decreased in value as the
peak discharge of the hydrologic event increased for all four events in the lower catchment
(Figure 9, Table 4). One explanation for the inverse relationship between the exchange
coefficient and discharge during erosion events is an increase in the bursting period and a
smaller contribution of the overall flow depth experiencing exchange. The bursting period
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is proportional to the flow depth (Nezu and Nakagawa 1993), and the flow depth would be
inversely related to exchange in Equation (2). We might also expect a smaller proportion
of suspended particles to be impacted by bursting as the flow depth increases, albeit the
connectivity of macroturbulence to near-bed bursting adds uncertainty to this process
(Stewart and Fox 2015). During the most extreme events of the fourth flow regime,
deposition of suspended sediment from the uplands to the streambed dominates transport
in the stream. The extreme events have been found to cause a net increase in streambed
storage (Ford et al. 2015a). However, our fingerprinting results suggest the extreme events
also have a pronounced contribution of streambed sediment, and the equilibrium exchange
coefficient reflected the process.
Several other factors in Equations (1) and (2) are also worthy of discussion. Bed
sediment availability is directly accounted for when including the surface area of the
streambed sediments in the lower and upper catchments, although we assume similarity of
particle size distributions during exchange. The assumption is justified based on the highly
similar estimates of particle size parameters across flow regimes and over time for the study
stream (Fox et al. 2014), which suggests a similar particle size distribution regardless of
the source distributions or extent of exchange. We suggest shear threshold also has little
impact on bed sediment availability in this study, given the presence of the loosely held
and near buoyant surficial fine grained laminae across much of the streambed (Russo and
Fox 2012; Mahoney 2017). While we marginalize these impacts in our system, other
watersheds may show dependence of equilibrium exchange on particle size distribution
changes and shear thresholds.
The duration of the process in Equation (2) is particularly noteworthy for
discussion. The duration of the equilibrium exchange process reflects the sediment
transport time step in model simulation. Erosion and deposition were mutually exclusive
in a model time step, and therefore we might expect the exchange coefficient to decrease
as the model resolution is increased. The coefficient is therefore expected to be dependent
on model resolution. One surmised numerical modelling attempt to account for the
equilibrium sediment exchange processes would be to simulate sediment transport at the
timescale of turbulent bursting when the exchange process is occurring. However, this
sub-second/centimeter scale coherent process controlling fluid momentum and sediment
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exchange directed from and to the streambed can only be resolved using direct numerical
simulation (DNS) modelling, which is impractical for watershed sediment transport
modelling (Papanicolaou et al. 2008).

Additionally, the efficiency of a burst to

subsequently fallout and pick up sediment is unknown and requires experimentation.
Therefore, physically and explicitly representing the bursting-driven equilibrium sediment
exchange in a watershed scale model is not practical at this time. We use data-driven
results from sediment fingerprinting to help calibrate the equilibrium sediment exchange
simulated in our modelling, and we hope the work here might be built on to develop other
semi-theoretical approaches.
Finally, equilibrium sediment exchange impacts the quality of sediment in the
streambed and sediment transported from the watershed. This concept is reflected in the
sediment fingerprinting data and results in Figures 5 and 6. In this watershed, sediment
originating from the uplands is more recalcitrant in nature with lower overall carbon
content as compared to the labile autochthonous carbon accrued in streambed sediments
(Ford et al. 2017). The evolving streambed and sediment load include a changing matrix
of inert and labile sediment carbon as a function of upland and instream processes. To this
end, equilibrium sediment exchange should be considered when the sediment continuum
is used to investigate the evolving critical zone.

2.6 CONCLUSIONS
This research provided new coupling of sediment fingerprinting and watershed
modelling methods to elucidate the role of the equilibrium sediment exchange process. Our
results suggest equilibrium sediment exchange is a substantial process occurring in the
system studied. The process does not change the sediment load or streambed sediment
storage but does impact the quality of sediment residing in the streambed. Therefore, we
suggest equilibrium sediment exchange should be considered when the sediment
continuum is used to investigate the critical zone.
Coupling sediment fingerprinting with watershed modelling is a new area of
research deserving substantial development. We outline future research priorities for
coupling the methods as follows:
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1. Improved coupling of sediment fingerprinting time scales with watershed
modelling time scales is needed. Sediment fingerprinting results typically have
high variance on a daily basis due to the episodic nature of erosion and the
distribution of tracer signatures across a basin. Watershed modelling results are
typically specified for daily or sub-daily time steps and results are more
representative of the mean behavior of the watershed during the period.
Probabilistic approaches might be advanced for better comparisons between the
different time scales.
2. Improved sediment tracking and allocation of sediment provenance and
sediment history is needed in watershed modelling. For example, the residence
time of deposited sediments and their origin before deposition is rarely
accounted in fluvial watershed modelling. This lack of information makes a
direct comparison of provenance with sediment fingerprinting results
cumbersome. Lagrangian methods and better source fractionalization methods
coupled with watershed modelling tools might help overcome this limitation.
3. Improved accounting of spatially explicit erosion prone sources is needed in
watershed modelling. Sediment fingerprinting relies on field collection of
sediments from erosion-prone surfaces identified in the field via erosion scars
and deteriorated morphology. These connected sediment transport pathways
often are not spatially explicit in watershed modelling, which hinders coupling
of the methods. Sediment connectivity theory serves as one method to inform
sediment transport models and design sampling regimes for sediment
fingerprinting to improve the coupling of the methods. This advancement will
require additional research focused on in-stream connectivity theory given this
topic is under-developed in the modelling community.
4. Improved development of physically-based formulae for source exchange
processes, such as equilibrium sediment exchange, is needed. For example, this
present research offered potential governing variables controlling equilibrium
exchange, but a predictive model of equilibrium exchange has not yet been
developed. Modelling formula accounting for source exchange processes both
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in the uplands and stream corridor will facilitate better coupling with sediment
fingerprinting results.
5. Improved nonconservative tracer simulation via watershed modelling is needed
to assist with tracer representation in fingerprinting. Watershed modelling
efforts can increasingly quantify both physical and biogeochemical changes of
sediment properties, and utilization of these sub-routines to assist with sediment
fingerprinting is expected to be fruitful.
6. Improved optimization strategies for coupling sediment transport modelling
and sediment fingerprinting results are needed. For example, if sediment
fingerprinting is simultaneously simulated in sediment transport modeling,
sediment sources may be better partitioned during modeling. Optimization of
sediment fingerprinting and watershed modeling using iterative feedback loops
and multi-step calibration methods serve as one approach. Data assimilation
methods applied similarly to tracer-transport models of the atmospheric science
community serve as another approach.
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2.8 SUPPLEMENTARY MATERIAL I: EQUATIONS OF THE PROBABILITY
OF CONNECTIVITY AND UPLAND EROSION MODELS
𝑃𝑃(𝐶𝐶) = 𝑃𝑃(𝑆𝑆) ∩ 𝑃𝑃(𝐷𝐷𝐻𝐻 ∪ 𝐷𝐷𝑁𝑁𝑁𝑁 ) ∩ 𝑃𝑃(𝑇𝑇𝐻𝐻 ∪ 𝑇𝑇𝑁𝑁𝑁𝑁 ) ∩ {1 − 𝑃𝑃(𝐵𝐵)}
(A.1)
𝑃𝑃(𝐶𝐶) = {𝑃𝑃(𝑆𝑆)} × {𝑃𝑃(𝐷𝐷𝐻𝐻 ) + 𝑃𝑃(𝐷𝐷𝑁𝑁𝑁𝑁 ) − 𝑃𝑃(𝐷𝐷𝐻𝐻 )𝑃𝑃(𝐷𝐷𝑁𝑁𝑁𝑁 )} × {𝑃𝑃(𝑇𝑇𝐻𝐻 ) + 𝑃𝑃(𝑇𝑇𝑁𝑁𝑁𝑁 ) −
𝑃𝑃(𝑇𝑇𝐻𝐻 )𝑃𝑃(𝑇𝑇𝑁𝑁𝑁𝑁 )} × {1 − 𝑃𝑃(𝐵𝐵)}
(A.2)
𝑡𝑡
∑
𝑆𝑆𝑆𝑆𝑡𝑡 = 𝑆𝑆𝑆𝑆0 + 𝑖𝑖=1(𝑅𝑅𝑑𝑑𝑎𝑎𝑎𝑎 − 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐸𝐸𝑎𝑎 − 𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑄𝑄𝑔𝑔𝑔𝑔 )
(A.3)
�𝑅𝑅

−𝐼𝐼𝑎𝑎 �

𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = �𝑅𝑅 𝑑𝑑𝑑𝑑𝑑𝑑−𝐼𝐼
𝑑𝑑𝑑𝑑𝑑𝑑

1000

2

(A.4)

𝑎𝑎 +𝑆𝑆�

𝑆𝑆 = 25.4( 𝐶𝐶𝐶𝐶 − 10)
1, if sediment is present in the cell
𝑃𝑃𝑖𝑖 (𝑆𝑆) = �
0, if sediment is absent in the cell
(A.6)
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(A.5)

1, if 𝜏𝜏𝑓𝑓 𝑖𝑖𝑖𝑖 − 𝜏𝜏𝑐𝑐𝑐𝑐 𝑖𝑖 > 0
0, if 𝜏𝜏𝑓𝑓 𝑖𝑖𝑖𝑖 − 𝜏𝜏𝑐𝑐𝑐𝑐 𝑖𝑖 ≤ 0
1, if a disturbance agent exists
𝑃𝑃𝑖𝑖 (𝐷𝐷𝑁𝑁𝑁𝑁 ) = �
0, if a disturbance agent is not present
1, if 𝑆𝑆𝑎𝑎𝑎𝑎 𝑖𝑖 − 𝑆𝑆𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖 > 0
𝑃𝑃𝑖𝑖𝑖𝑖 �𝑇𝑇𝐻𝐻−𝑢𝑢𝑢𝑢 � = �
0, if 𝑆𝑆𝑎𝑎𝑎𝑎 𝑖𝑖 − 𝑆𝑆𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖 ≤ 0
−𝑏𝑏
𝑆𝑆𝑐𝑐𝑐𝑐 𝑖𝑖 = 𝑎𝑎𝑖𝑖 𝐴𝐴𝑖𝑖
𝑆𝑆𝑐𝑐𝑐𝑐 𝑖𝑖 𝑗𝑗 = 0.73𝑐𝑐𝑖𝑖 𝑒𝑒 1.3𝑅𝑅𝑅𝑅𝐶𝐶𝑖𝑖 �0.00124𝑆𝑆0.05 𝑖𝑖𝑖𝑖 − 0.37�𝐴𝐴−0.38
𝑖𝑖

(A.7)

𝑃𝑃𝑖𝑖𝑖𝑖 (𝐷𝐷𝐻𝐻 ) = �

1000

1.15

𝑆𝑆0.05 = 0.819 �25.4 � 𝐶𝐶𝑁𝑁 − 10�
𝑖𝑖𝑖𝑖

∑ 𝑆𝑆𝑢𝑢𝑢𝑢

(A.8)
(A.9)
(A.10)
(A.11)
(A.12)

�

1, if 𝑆𝑆𝑖𝑖 − 𝑁𝑁 > 0
𝑃𝑃𝑖𝑖 (𝑇𝑇𝐻𝐻−𝑑𝑑𝑑𝑑𝑑𝑑 ) = �
∑ 𝑆𝑆𝑢𝑢𝑢𝑢
0, if 𝑆𝑆𝑖𝑖 − 𝑁𝑁 ≤ 0
1, if a buffer exists
𝑃𝑃𝑖𝑖 (𝐵𝐵) = �
0, if a buffer does not exist
𝑆𝑆𝑦𝑦 = 𝜖𝜖𝜌𝜌𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡
𝜖𝜖 = 𝑘𝑘𝑑𝑑 ∗ �𝜏𝜏𝑓𝑓 − 𝜏𝜏𝑐𝑐𝑐𝑐 �

(A.13)
(A.14)
(A.15)
(A.16)

2.9 SUPPLEMENTARY MATERIAL II: EQUATIONS OF THE INSTREAM
SEDIMENT TRANSPORT MODEL
𝑗𝑗
𝑄𝑄𝑖𝑖

𝑗𝑗

1 (𝐴𝐴𝑖𝑖 )5/3

(𝑆𝑆 )1/2
𝑛𝑛𝑗𝑗 (𝑃𝑃 𝑗𝑗 )2/3 𝑗𝑗
𝑖𝑖
𝑗𝑗
𝑗𝑗
𝑗𝑗
𝐵𝐵𝑖𝑖 = 𝐵𝐵𝑖𝑖−1 + 𝐸𝐸𝐸𝐸𝑖𝑖
𝑗𝑗
𝑗𝑗
𝑗𝑗
𝑗𝑗
𝑗𝑗
𝑗𝑗
𝑆𝑆𝑆𝑆𝑖𝑖 = 𝑆𝑆𝑆𝑆𝑖𝑖−1 + ∑𝑁𝑁
𝑘𝑘=1 𝐸𝐸𝑖𝑖 (𝑘𝑘) − 𝐷𝐷𝑖𝑖 + 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 ∆𝑡𝑡 − 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 ∆𝑡𝑡
𝑗𝑗
𝑇𝑇𝑇𝑇𝑖𝑖 = 𝐶𝐶𝑇𝑇𝑇𝑇 (𝜏𝜏𝑓𝑓 𝑗𝑗 )1.5 𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ 𝑗𝑗 ∆𝑡𝑡
𝑖𝑖
𝑗𝑗
𝑗𝑗
𝑇𝑇𝑇𝑇𝑖𝑖 > 𝑆𝑆𝑆𝑆𝑖𝑖−1 ,
𝑗𝑗
𝑗𝑗
𝑇𝑇𝑇𝑇𝑖𝑖 < 𝑆𝑆𝑆𝑆𝑖𝑖−1
𝑇𝑇𝑇𝑇(𝑘𝑘) 𝑗𝑗 = 𝑇𝑇𝑇𝑇(𝑘𝑘−1) 𝑗𝑗 − 𝐸𝐸(𝑘𝑘) 𝑗𝑗
𝑖𝑖
𝑖𝑖
𝑖𝑖
𝑏𝑏
𝑗𝑗
𝑗𝑗
𝐸𝐸(𝑘𝑘) = min[𝑎𝑎(𝑘𝑘) �𝜏𝜏𝑓𝑓 − 𝜏𝜏𝑐𝑐𝑐𝑐 (𝑘𝑘) 𝑗𝑗 � 𝑆𝑆𝑆𝑆(𝑘𝑘) 𝑗𝑗 ∆𝑡𝑡, 𝑇𝑇𝑇𝑇(𝑘𝑘) 𝑗𝑗 , 𝑆𝑆(𝑘𝑘) 𝑗𝑗 ]
𝑖𝑖
𝑖𝑖
𝑖𝑖
𝑖𝑖
𝑖𝑖
𝑖𝑖
=

𝑗𝑗

𝑖𝑖

𝐶𝐶𝜏𝜏(𝑏𝑏𝑏𝑏𝑏𝑏) = 4.05 ∗ 10
𝐵𝐵

3
𝑗𝑗

−6

𝑗𝑗

𝐵𝐵𝑖𝑖

𝑗𝑗

𝑗𝑗

𝑢𝑢𝑖𝑖 −𝑢𝑢𝑖𝑖−1

𝜏𝜏𝑓𝑓 𝑗𝑗 = 𝐶𝐶𝜏𝜏(1) (𝜌𝜌𝜌𝜌𝑅𝑅𝑖𝑖 𝑆𝑆𝑗𝑗 + 𝐶𝐶𝜏𝜏(2) 𝜌𝜌 �
6

∆𝑡𝑡

𝑗𝑗

� 𝑅𝑅𝑖𝑖 )

−4

� 𝑗𝑗� + 2.1201 ∗ 10
𝐻𝐻𝑖𝑖

𝐵𝐵

2
𝑗𝑗

𝑗𝑗

𝐵𝐵𝑖𝑖

5

� 𝑗𝑗� − 4.37492 ∗ 10
𝐻𝐻𝑖𝑖

𝐵𝐵

1
𝑗𝑗

(B.1)
(B.2)
(B.3)
(B.4)
(B.5)
(B.6)
(B.7)
(B.8)
(B.9)
−3

𝑗𝑗

𝐵𝐵𝑖𝑖

� 𝑗𝑗� +
𝐻𝐻𝑖𝑖

0.04505583 � 𝑖𝑖𝑗𝑗� − 0.241185 � 𝑖𝑖𝑗𝑗� + 0.58925899 � 𝑖𝑖𝑗𝑗� + 1.00975426
𝐻𝐻𝑖𝑖

𝐻𝐻𝑖𝑖

𝑖𝑖𝑖𝑖 𝐶𝐶𝜏𝜏(𝑏𝑏𝑏𝑏𝑏𝑏) > 1.5, 𝑡𝑡ℎ𝑒𝑒𝑒𝑒 𝐶𝐶𝜏𝜏(𝑏𝑏𝑏𝑏𝑏𝑏) = 1.5
𝐵𝐵

2
𝑗𝑗

𝐵𝐵

1
𝑗𝑗

𝐻𝐻𝑖𝑖

𝐶𝐶𝜏𝜏(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) = 2.4825 ∗ 10−3 � 𝑖𝑖𝑗𝑗� − 0.0773109 � 𝑖𝑖𝑗𝑗� + 1.6
𝐻𝐻𝑖𝑖

𝑖𝑖𝑖𝑖 𝐶𝐶𝜏𝜏(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) > 1.5, 𝑡𝑡ℎ𝑒𝑒𝑒𝑒 𝐶𝐶𝜏𝜏(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) = 1.5

𝐻𝐻𝑖𝑖
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4

(B.10)

(B.11)

𝑏𝑏

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑗𝑗 = min[𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 �𝜏𝜏𝑓𝑓 𝑗𝑗 − 𝜏𝜏𝑐𝑐𝑐𝑐 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑗𝑗 � 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑗𝑗 ∆𝑡𝑡, 𝑇𝑇𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑗𝑗 , 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑗𝑗 ]

𝑖𝑖
𝑖𝑖
= 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑗𝑗 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑗𝑗
𝑖𝑖
𝑗𝑗
𝑗𝑗
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 = min[� 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖−1

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑗𝑗

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚 ]
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑗𝑗 = min[� 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑗𝑗
𝑖𝑖

𝑖𝑖−1

𝐺𝐺𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 � , 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

−

−

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑗𝑗

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑗𝑗
𝑖𝑖

+

+

𝑖𝑖

𝐾𝐾𝑝𝑝 𝑖𝑖𝑗𝑗 = 0.5 𝑒𝑒 −0.98 𝑧𝑧
𝑤𝑤𝑤𝑤

𝑗𝑗

𝑧𝑧 ∗ 𝑖𝑖 =

𝑗𝑗

𝐾𝐾 𝑈𝑈∗ 𝑖𝑖

𝑗𝑗

𝑈𝑈∗ 𝑖𝑖𝑗𝑗 = �𝑔𝑔 𝐻𝐻𝑖𝑖 𝑆𝑆𝑗𝑗 �
𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑖𝑖𝑗𝑗 =

𝐷𝐷𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑗𝑗
𝑖𝑖

∗ 𝑗𝑗
𝑖𝑖

𝑗𝑗
1
𝑖𝑖+2

𝑆𝑆𝑆𝑆
𝑗𝑗

𝑆𝑆𝑏𝑏𝑏𝑏𝑑𝑑

1
𝑖𝑖+
2

(B.15)
(B.16)
(B.17)
(B.18)
(B.19)
(B.20)

𝑗𝑗

𝑗𝑗

(B.23)

∗ (1 − 𝐸𝐸𝐸𝐸𝐸𝐸)
𝑗𝑗

= 𝑆𝑆𝑆𝑆𝑖𝑖 − 𝐸𝐸𝐸𝐸𝐸𝐸 ∗ 𝑆𝑆𝑆𝑆𝑖𝑖 + 𝐸𝐸𝐸𝐸𝐸𝐸 ∗ 𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏 𝑖𝑖 ∗ �
𝑗𝑗

(B.14)

(B.22)

𝑗𝑗
𝑗𝑗−1
(𝑄𝑄𝑄𝑄𝑠𝑠𝑢𝑢𝑢𝑢𝑖𝑖 +𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑖𝑖 )∗∆𝑡𝑡
𝑗𝑗
𝑗𝑗−1
∑𝑁𝑁
)
𝑘𝑘=1(𝐸𝐸𝑖𝑖 (𝑘𝑘) +𝐸𝐸𝑖𝑖
(𝑘𝑘)

𝑗𝑗

+

,

(B.21)

0.5

𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 = 1 − 𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑖𝑖𝑗𝑗

(B.13)

𝐷𝐷𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑗𝑗 �

𝑚𝑚𝑚𝑚𝑚𝑚 ]
𝑏𝑏
𝐸𝐸𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 = min[𝑎𝑎𝐵𝐵𝐵𝐵𝐵𝐵 �𝜏𝜏𝑓𝑓 𝑗𝑗 − 𝜏𝜏𝑐𝑐𝑐𝑐 𝐵𝐵𝐵𝐵𝐵𝐵 𝑗𝑗 � 𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 ∆𝑡𝑡, 𝑇𝑇𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 , 𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 ]
𝑖𝑖
𝑖𝑖
𝑗𝑗
𝑗𝑗
𝑗𝑗
𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏 𝑖𝑖𝑗𝑗 = 𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏 𝑖𝑖−1
+ 𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏 𝑖𝑖−1
− 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏 𝑖𝑖−1
𝑏𝑏
𝐸𝐸𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 = min[𝑎𝑎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 �𝜏𝜏𝑓𝑓 𝑗𝑗 − 𝜏𝜏𝑐𝑐𝑐𝑐 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑗𝑗 � 𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 ∆𝑡𝑡, 𝑇𝑇𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 ]
𝑖𝑖
𝑖𝑖
𝜔𝜔 ∆𝑡𝑡
𝑗𝑗
𝑗𝑗
𝑗𝑗
𝐷𝐷𝑖𝑖 = 𝑠𝑠𝑗𝑗 𝑗𝑗 (𝑆𝑆𝑆𝑆𝑖𝑖−1 − 𝑇𝑇𝑇𝑇𝑖𝑖 )
𝐾𝐾 𝐻𝐻
𝑝𝑝 𝑖𝑖

(B.12)

= 𝑆𝑆𝑏𝑏𝑏𝑏𝑑𝑑𝑖𝑖 + 𝐸𝐸𝐸𝐸𝐸𝐸 ∗ 𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏 𝑖𝑖 ∗ �

𝑗𝑗

𝑆𝑆𝑆𝑆𝑖𝑖

𝑗𝑗
𝑆𝑆𝑏𝑏𝑏𝑏𝑑𝑑
𝑖𝑖

𝑗𝑗
𝑆𝑆𝑆𝑆𝑖𝑖
𝑗𝑗
𝑆𝑆𝑏𝑏𝑏𝑏𝑑𝑑
𝑖𝑖

(B.24)
�

(B.25)
𝑗𝑗

� − 𝐸𝐸𝐸𝐸𝐸𝐸 ∗ 𝑆𝑆𝑆𝑆𝑖𝑖

2.10 SUPPLEMENTARY MATERIAL III: LIST OF SYMBOLS
𝑃𝑃(𝐶𝐶)
=
probability of sediment connectivity
𝑃𝑃(𝑆𝑆)
=
probability of sediment supply
𝑃𝑃(𝐷𝐷𝐻𝐻 )
=
probability of hydrologic detachment
𝑃𝑃(𝐷𝐷𝑁𝑁𝑁𝑁 )
=
probability of nonhydrologic detachment
𝑃𝑃(𝑇𝑇𝐻𝐻 )
=
probability of hydrologic transport
=
probability of nonhydrologic transport
𝑃𝑃(𝑇𝑇𝑁𝑁𝑁𝑁 )
𝑃𝑃(𝐵𝐵)
=
probability of buffers
𝑆𝑆𝑆𝑆𝑡𝑡
=
final soil water content
𝑆𝑆𝑆𝑆0
=
initial soil water content
𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑
=
amount of precipitation
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
=
amount of surface runoff
𝐸𝐸𝑎𝑎
=
amount of evapotranspiration
𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
=
amount of lateral flow
𝑄𝑄𝑔𝑔𝑔𝑔
=
amount of return flow
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(B.26)

𝑆𝑆
𝐼𝐼𝑎𝑎
CN
𝜏𝜏𝑓𝑓 𝑖𝑖𝑖𝑖
𝜏𝜏𝑐𝑐𝑟𝑟 𝑖𝑖
Sac
Scr
a
i,
A
b
S0.05
RFC
c
Si
N
∑ 𝑆𝑆𝑢𝑢𝑢𝑢
Sy
area
𝜖𝜖
𝜌𝜌𝑠𝑠
t
area
l
w
𝜖𝜖
kd
𝜏𝜏𝑐𝑐𝑟𝑟
𝜏𝜏𝑓𝑓
A1
A2
A3
S1
S2
S3
w1
w2
w3
ε/D
t1
t2
t3
L1
L2
L3
ρw

=
=
=
=
=
=
=

retention parameter
initial abstraction
curve number
fluid shear stress at cell i during time step j
critical shear stress of the eroding surface in cell i
slope of geospatial cell i
critical slope required to initiate ephemeral gully incision of cell i
local climate and land use and soil characteristics of geospatial cell

=
=
=
=
=
=
=
=
=

upstream drainage area of geospatial cell i
an exponent
maximum potential loss to runoff
rock fragment cover of the soil
other sources of the variation of the coefficient a
slope in a particular geospatial cell
number of upstream cells flowing in cell i
sum of the slopes of each cell upstream of cell i
sediment yielded at the watershed outlet from the active contributing

=
=
=

erosion rate as predicted by the Partheniades (1965) equation
bulk density of the sediment
amount of time sediment is contributed from the active contributing

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

length of the eroding rill or ephemeral gully
width of the eroding rill or ephemeral gully
erosion rate of the soil
erodibility coefficient
upland critical shear stress of the eroding surface
effective shear stressof the accumulated flow on the eroding surface
contributing area, bin 1
contributing area, bin 2
contributing area, bin 3
longitudinal slope, bin 1
longitudinal slope, bin 2
longitudinal slope, bin 3
channel width, bin 1
channel width, bin 2
channel width, bin 3
upland relative roughness
storm length, erosion time bin 1
storm length, erosion time bin 2
storm length, erosion time bin 3
channel length, bin 1
channel length, bin 2
channel length, bin 3
density of fluid

=
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ρbank
ρSFGL
𝑗𝑗
𝑃𝑃𝑖𝑖
𝑗𝑗
𝐵𝐵𝑖𝑖
𝑗𝑗
𝐸𝐸𝐸𝐸𝑖𝑖
Exf
j
i
k
N
𝑆𝑆𝑆𝑆
E
D
Qss in
Qss up
Qss out
Sbed
∆𝑡𝑡
𝑇𝑇𝑐𝑐
𝐶𝐶𝑇𝑇𝑇𝑇
𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ
k
𝑎𝑎𝑘𝑘
𝑆𝑆𝑆𝑆
S
𝐶𝐶𝜏𝜏(1)
erosion
H
R
u
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏
z*
U*
PUpland
PBed
Cτ(2)
Ctc(low)
Ctc(high)
ωs
κ
DSFGL, max
td

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

density of bank sediment
density of SFGL sediment
wetted peremeter
channel width
erosion/deposition from/to the banks
sediment exchange factor
a particular stream-reach
a particular time step
the sediment source
number of sediment sources
mass of sediment
erosion
deposition
sediment flow rate in the reach
sediment flow rate in the reach from the uplands
sediment flow rate out of the reach
mass of bed sediments
the time step
transport capacity
transport capacity coefficient
length of the spatial step
a particular sediment source
erodibility of the source
surface area of the sediment source
supply of a sediment source
coefficient accounting for the difference between bed and banks

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

flow depth
hydraulic radius
flow velocity
supply to the SFGL layer
supply to the SFGL sediment layer
supply to the SFGL biofilm layer
supply to the bed layer
rouse number
friction velocity
percent of exported sediment from the uplands
percent of exported sediment from the bed
shear stress coefficient for unsteady flow
transport capacity coefficient for low flows
transport capacity coefficient for high flows
mean settling velocity of suspended material
von Karmen coefficient
maximum depth of SFGL
development time of the SFGL layer
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=
GSFGL, Bio
τcr(sfgl)
=
τcr(bed)
=
τcr(bank)
=
a(sfgl)
=
a(bed)
=
a(bank)
=
kss
=
ks
=
Nreach
=
ϴ
=
=
Bupper
Blower
=
nupper
=
nlower
=
Supper
=
Slower
=
Lreach, upper
=
=
Lreach, lower
Hbank, upper
=
Hbank, lower
=
Qboundary, upper =
Qboundary, lower =
=
Kp
ExfUpper, Regime 1 =
ExfUpper, Regime 2 =
ExfUpper, Regime 3 =
ExfUpper, Regime 4 =
ExfLower, Regime 1 =
ExfLower, Regime 2 =
ExfLower, Regime 3 =
ExfLower, Regime 4 =
Qp
=
=
Qpm
13
13
δ C-δ Cm
=
isotope value

generation rate of SFGL biofilm
critical shear of the SFGL source
critical shear of the bed source
critical shear of the bank source
erodibility of the SFGL source
erodibility of the bed source
erodibility of bank source
sediment routing coefficient
flood wave coefficient
number of reaches in the stream segment
bank sideslope
channel bottom width, upper catchment
channel bottom width, lower catchment
manning's coefficient, upper catchment
manning's coefficient, lower catchment
channel slope, upper catchment
channel slope, lower catchment
channel length, upper catchment
channel length, lower catchment
bankfull depth, upper catchment
bankfull depth, lower catchment
boundary flow, upper catchment
boundary flow, upper catchment
settling depth coefficient
upper catchment exchange factor, flow regime 1
upper catchment exchange factor, flow regime 2
upper catchment exchange factor, flow regime 3
upper catchment exchange factor, flow regime 4
lower catchment exchange factor, flow regime 1
lower catchment exchange factor, flow regime 2
lower catchment exchange factor, flow regime 3
lower catchment exchange factor, flow regime 4
hydrograph peak when each sediment sample was collected
mean peak when considering all transported sediment data
stable carbon isotope value subtracted by mean stable carbon
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Table 2.1. Review of organic tracers applied in sediment fingerprinting studies.
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Table 2.1 (Continued). Review of organic tracers applied in sediment fingerprinting
studies.

81

Table 2.2. Upland erosion model inputs and parameters.
Parameter
A1
A3
A3
τcr, upland
S1
S2
S3
w1
w2
w3
ε/D
ρd
t1
t2
t3
kd
L1
L2
L3
ρw

Description
Contributing area, bin 1
Contributing area, bin 2
Contributing area, bin 3
Upland critical shear stress
Longitudinal slope, bin 1
Longitudinal slope, bin 2
Longitudinal slope, bin 3
Channel width, bin 1
Channel width, bin 2
Channel width, bin 3
Upland relative roughness
Bulk density of eroded sediment
Storm length, erosion time bin 1
Storm length, erosion time bin 2
Storm length, erosion time bin 3
Erodibility coefficient
Channel length, bin 1
Channel length, bin 2
Channel length, bin 3
Density of fluid

Value/Parameter Range
116
951
34,079
0.10-10
0.16
0.13
0.12
0.08
0.12
0.44
0.00001-1
1,400
0.017-0.167
0.183-0.367
0.383-0.667
1.0 x 10-10-1.0 x 10-8
Varies daily
Varies daily
Varies daily
1,000
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Units
m2
m2
m2
Pa
m m-1
m m-1
m m-1
m
m
m
Unitless
kg m-3
hr
hr
hr
cm3 N-1 s-1
m
m
m
kg m-3

Table 2.3. Instream sediment transport model inputs and parameters.
Parameter
ρw
ρbank
ρSFGL
Cτ(2)
Ctc(low)
Ctc(high)
ωs
κ
DSFGL, max
td
GSFGL,Bio
τcr(sfgl)
τcr(bed)
τcr(bank)
a(sfgl)
a(bed)
a(bank)
kss
ks
Nreach
ϴ
Bupper
Blower
nupper
nlower
Supper
Slower
Lreach, upper
Lreach, lower
Hbank, upper
Hbank, lower
Qboundary, upper
Qboundary, lower
Kp
ExfUpper, Regime 1
ExfUpper, Regime 2
ExfUpper, Regime 3
ExfUpper, Regime 4
ExfLower, Regime 1
ExfLower, Regime 2
ExfLower, Regime 3
ExfLower, Regime 4

Description
Density of fluid
Density of bank sediment
Density of SFGL sediment
Shear stress coefficient for unsteady flow
Transport capacity coefficient for low
flows
Transport capacity coefficient for high
flows
Mean settling velocity of suspended
material
Von Karmen coefficient
Maximum depth of SFGL
Development time of the SFGL layer
Generation rate of SFGL biofilm
Critical shear of the SFGL source
Critical shear of the bed source
Critical shear of the bank source
Erodibility of the SFGL source
Erodibility of the bed source
Erodibility of bank source
Sediment routing coefficient
Flood wave coefficient
Number of reaches in the stream segment
Bank sideslope
Channel bottom width, upper catchment
Channel bottom width, lower catchment
Manning's coefficient, upper catchment
Manning's coefficient, lower catchment
Channel slope, upper catchment
Channel slope, lower catchment
Channel length, upper catchment
Channel length, lower catchment
Bankfull depth, upper catchment
Bankfull depth, lower catchment
Boundary flow, upper catchment
Boundary flow, upper catchment
Settling depth coefficient
Upper catchment exchange factor, flow
regime 1
Upper catchment exchange factor, flow
regime 2
Upper catchment exchange factor, flow
regime 3
Upper catchment exchange factor, flow
regime 4
Lower catchment exchange factor, flow
regime 1
Lower catchment exchange factor, flow
regime 2
Lower catchment exchange factor, flow
regime 3
Lower catchment exchange factor, flow
regime 4
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Value/Parameter Range
1000
1500
1,000
1-100

Units
kg m-3
kg m-3
kg m-3
Unitless

6.0 x 10-7-1.5 x 10-6

m1/2 s2 kg-1/2

6.0 x 10-7-1.5 x 10-6

m1/2 s2 kg-1/2

0.00036-0.00240

m s-1

0.4
0.001-0.010
300-3000
1.81 x 10-9
0.024-1.20
1.0-10.0
10.0-93.0
1.0 x 10-4-1.0 x 10-2
1.0 x 10-5-1.0 x 10-3
1.0 x 10-6-2.0 x 10-4
0.00-0.50
0.0
2
16.858
6
11
0.03
0.03
0.0009
0.00044
18
10
2
2
1
2
0.10-1.0

Unitless
m
s
kg m-2 s-1
Pa
Pa
Pa
kg Pa-1 m-2 s-1
kg Pa-1 m-2 s-1
kg Pa-1 m-2 s-1
Unitless
Unitless
Unitless
°
m
m
Unitless
Unitless
m m-1
m m-1
m
m
m
m
m3 s-1
m3 s-1
Unitless

0.0-1.0
0.0-1.0
0.0-1.0
0.0-1.0
0.0-1.0
0.0-1.0
0.0-1.0
0.0-1.0

Unitless
Unitless
Unitless
Unitless
Unitless
Unitless
Unitless
Unitless

Table 2.4. Optimum parameter values for upland erosion model and instream connectivity
model.
Parameter
Ctc(low)
Ctc(high)
ωs
τcr(sfgl)
τcr(bed)
τcr(bank)
a(sfgl)
a(bed)
a(bank)
Cτ(2)
kss
td
DSFGL, max
Kp
t1
t2
t3
τcr, upland
kd
ε/D
ExfUpper,
Regime 1

ExfUpper,
Regime 2

ExfUpper,
Regime 3

ExfUpper,
Regime 4

ExfLower,
Regime 1

ExfLower,
Regime 2

ExfLower,
Regime 3

ExfLower,
Regime 4

Optimum
Value
8.45 x 10-7
7.12 x 10-7
0.00079
0.11
5.68
12.69
7.54 x 10-4
5.84 x 10-5
1.64 x 10-4
16.6
0.24
1122
0.002
0.98
0.075
0.235
0.644
4.02
6.91 x 10-9
0.74

Units

0.90

Unitless

0.10

Unitless

0.15

Unitless

0.50

Unitless

0.90

Unitless

0.65

Unitless

0.55

Unitless

0.50

Unitless

m1/2 s2 kg-1/2
m1/2 s2 kg-1/2
m s-1
Pa
Pa
Pa
kg Pa-1 m-2 s-1
kg Pa-1 m-2 s-1
kg Pa-1 m-2 s-1
Unitless
Unitless
s
m
Unitless
hr
hr
hr
Pa
cm3 N-1 s-1
Unitless
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Figure 2.1 Gently rolling watershed configuration and conceptualization. ‘Gently
rolling’ reflects ‘undulating’ landscape slopes (i.e., not steep) with the potential for
steeper sections of complex hillslopes classified as ‘rolling’ (USDA 2017 pp. 44).

1 – Upland Erosion

5 –Bank Erosion

2 – Microtopography Deposition

6 – SFGL and Bed Erosion

3 – Instream Sediment Transport

7 – Gully/Swale Sediment Transport

4 – Deposition

8 – Equilibrium Sediment Exchange
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Figure 2.2. Study watershed, land use, instream sample site locations (from Fox et al.
2010), and stream location within the Kentucky River Basin, USA. Land use in the
upper catchment is primarily urban (60% urban, 40% agricultural). Land use in the
lower catchment is primarily agricultural (72% agricultural, 28% urban). Samples of
sediment sources from the stream corridor were collected in eight locations (labeled
S1-S8) in the study watershed and defined the isotopic signature of instream sediments,
banks sediments, and algae.
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Figure 2.3. Cumulative particle size distribution of fluvial sediments performed using
microscopy in the Upper South Elkhorn watershed (see also data reported in Fox et al.
2014). d is the diameter of the particle in μm.
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Figure 2.4. Three-stage calibration procedure for: Stage 1 sediment connectivity model
calibration; Stage 2 upland erosion model and instream sediment model calibration; and
Stage 3 sediment source calibration.
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Figure 2.5. Stable carbon isotopes of sediment as a function of water discharge at the
watershed outlet for the (a) upper catchment and (b) lower catchment sampling location.
Source plots are included for the upland sediment and in-stream sediments. The x-axes
plots the hydrograph peak (labeled as Qp) during which each sediment sample was
collected normalized by the mean observed flowrate for all transported sediment data
(Qpm). The y-axes plots the stable carbon isotope value of sediments after subtracting the
mean. n represents the number of samples collected for each flow regime
(a) Upper catchment, site 1

(b) Lower catchment, site 2
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Figure 2.6. Sediment fingerprinting results as a function of water discharge for the (a)
upper catchment and (b) lower catchment sampling location. The x-axes plots the
hydrograph peak (labeled as Qp) during which each sediment sample was collected
normalized by the mean observed flowrate for all transported sediment data (Qpm). The yaxes plot the percent of upland or streambed contribution, as determined by the sediment
fingerprinting results. n represents the number of samples collected for each flow regime.
(a) Upper catchment, site 1

(b) Lower catchment, site 2
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Figure 2.7. Source contributions for each event where transported sediments were
collected in the (a) upper catchment and (b) lower catchment sampling locations. Qp is the
hydrograph peak (m3 s-1) simulated over the four-year study period.
(a) Upper catchment, site 1

(b) Lower catchment, site 2
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Figure 2.8. Simulated Qss compared with observed Qss. Model comparison for Site 1 (a,
b, m-o) and Site 2 (c-l, p-r). Data sets (a-f) show events with maximum Qss of 10 kg s-1.
Data sets (g-l) show events with maximum Qss of 1 kg s-1. Data sets (m-r) show events
with maximum Qss of 0.1 kg s-1. Three data sets from 2010 (k, l, o) are used for model
validation.

92

Figure 2.9. Sediment source partitioning during the four flow regimes in the (a) upper
and (b) lower catchment. Partitioning results are for scenarios with no simulated
equilibrium exchange (i.e., equilibrium exchange equal to zero) and with the calibrated
equilibrium exchange. Sediment fingerprinting results aided in calibration of the
exchange factor and are included in the plots. Sediment sources include the streambed
(shown with solid bars) and uplands (shown with striped bars).

Exf = 0.15

Exf = 0.5
Exf = 0.5

Exf = 0.1
Exf = 0.65

Exf = 0.55

Exf = 0.9
Exf = 0.9

(a)

(b)
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Figure 2.10. Upland erosion and sediment transport outputs from 2007 to 2010 for the (a)
upper catchment and (b) lower catchment. Model results include upland erosion rate (Qss,
upland),

sediment flux (Qss flux), instream deposition, instream erosion, and instream

equilibrium sediment exchange. For scaling purposes, Qss plots from 0.0 to 4.0 kg s-1 and
deposition, erosion, and exchange plots from 0 to 80 tonnes. Peaks greater than the shown
range are labeled.
(b) Lower Catchment

(a) Upper Catchment
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Figure 2.11. Sediment budget including the equilibrium sediment exchange for the (a)
upper catchment and (b) lower catchment over the simulation period (2007-2010).
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Chapter 3.

Integrating Connectivity Theory within Watershed Modelling Part I:

Model Formulation and Investigating the Timing of Sediment Connectivity
3.0 ABSTRACT
Integrating connectivity theory within watershed modelling is one solution to overcome
spatial and temporal shortcomings of sediment transport prediction, and Part I and II of
these companion papers advance this overall goal. In Part I of these companion papers, we
present the theoretical development of probability of connectivity formula considering
connectivity’s magnitude, extent, timing and continuity that can be applied to watershed
modeling. Model inputs include a high resolution digital elevation model, hydrologic
watershed variability, and field connectivity assessments. We use the model to investigate
the dependence of the probability of connected timing and spatial connectivity on sediment
transport predictors. Results show the spatial patterns of connectivity depend on both
structural and functional characteristics of the catchment, such as hillslope gradient,
upstream contributing area, soil texture, and stream network configuration (structural) and
soil moisture content and runoff generation (functional). Spatial connectivity changes from
catchment-to-catchment as a function of soil type and drainage area; and it varies from
event-to-event as a function of runoff depth and soil moisture conditions. The most
sensitive connected pathways provide the stencil for the probability of connectivity, and
pathways connected from smaller hydrologic events are consistently reconnected and built
upon during larger hydrologic events. Surprisingly, we find the probability of connected
timing only depends on structural characteristics of catchments, which are considered static
over the timescales analyzed herein. The timing of connectivity does not statistically
depend on functional characteristics, which relaxes the parameterization across events of
different magnitudes. This result occurs because the pathway stencil accumulates sediment
from adjacent soils as flow intensity increases, but this does not statistically shift the
frequency distribution.

3.1 INTRODUCTION
3.1.1 Overview of part I and part II papers
Fluvial sediment erosion is an important driver of global sediment budgets and has
far reaching implications in agriculture, infrastructure, and ecology (e.g., Wood and
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Armitage, 1997; Morris and Fan, 1998; Toy et al., 2002). Watershed sediment models serve
as an important tool to assess source, transport, and fate of sediment (e.g., Douglas-Mankin
et al., 2010). However, a number of shortcomings of watershed sediment models require
additional research at this time. Model shortcomings include the following: (1) they rely
heavily on conceptualizing and lumping physical processes in their model structure; and
(2) they often cannot represent many different active sediment sources and their specific
pathways from the erosion sites to the watershed outlet (Wischmeier and Smith, 1978;
Laflen et al., 1991; Ricci et al., 2018; Nunes et al., 2017).
Coupling connectivity theory with watershed modeling is one solution to overcome
model shortcomings associated with spatial and temporal complexity of watershed
properties, processes, and pathways (Mahoney et al., 2018). The proliferation of highresolution geospatial data, defined as topographic surveys with meter and sub-meter
resolution (i.e., greater than one point per m2; Passalacqua et al., 2015), and water quality
data, such as high temporal frequency turbidity measurements, in recent years makes
coupling connectivity theory and watershed models feasible (Shoda et al., 2015; Pellerin
et al., 2016). However, a unified sediment connectivity framework applicable across
spatiotemporal scales remains underdeveloped, especially with respect to time-varying
sediment processes (Bracken et al., 2013; Bracken et al., 2015; Wohl et al., 2017;
Heckmann et al., 2018; Ali et al., 2018).
Our motivation of these two-part companion papers was to improve the spatial and
temporal capabilities of watershed sediment modelling by coupling physically-based
connectivity formula with watershed modelling. To do so, we formulate a probability
equation that considers sediment connectivity’s magnitude, spatial extent, timing, and
continuity, which have been highlighted as the components needed for comprehensive
connectivity (e.g., Grant et al., 2017; Wohl et al., 2019). We couple the probability of
connectivity originally formulated by Mahoney et al. (2018) to represent the spatial
patterns of connectivity, with formulations for connectivity’s magnitude, timing, and
continuity (developed herein) to simulate sediment flux. We investigate the formulation
using 1.5 m resolution topographic data with emphasis on timing of connectivity, which is
currently underdeveloped (Bracken et al., 2015; Wohl, 2017; Wohl et al., 2017; Ali et al.,
2018; Heckmann et al., 2018). Next, we couple connectivity within a watershed model
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and use 15-minute turbidity data to evaluate the model’s performance. Additional emphasis
in model evaluation is placed on using hysteresis analyses (e.g., Williams, 1989; Evans and
Davies, 1998) to help calibrate the model because we find this has not been used to our
knowledge, yet serves as a potentially fruitful approach when temporally explicit
connectivity is considered. These two-part companion papers present: (1) formulation of
equations to represent connectivity’s magnitude, spatial extent, timing, and continuity and
investigation of the dependence of spatial and temporal connectivity patterns on structural
and functional watershed characteristics in Part I of these companion papers (this paper);
and (2) coupling watershed and connectivity modelling for catchment- and watershedscales with hysteresis evaluation to understand sensitive connected pathways in Part II of
these companion papers (Mahoney et al., 2020).
3.1.2 Brief review of sediment connectivity
Connectivity is defined as the integrated transfer of material, energy, and organisms
from source to sink (Pringle et al., 2003; Wohl 2017). In the context of sediment, we define
connectivity similarly to Heckmann et al. (2018) as an emergent system property that
reflects the strength and continuity of sediment linkages between and within system
compartments at a given point in time. The sediment connectivity approach has garnered
recent popularity perhaps due to its ability to explain the non-linearity of system response
to hydrologic variability (Bracken et al., 2015; Leibowitz et al., 2008), explicitly detail
non-point sources, sinks, and transport pathways (Parsons et al., 2015; Ali et al., 2018),
and incorporate hydrologic uncertainty via coupling with probability theory (Mahoney et
al., 2018). Theory and frameworks assessing sediment connectivity at the watershed scale
have been well developed over the last two decades (e.g., Hooke, 2003; Fryirs et al., 2007;
Ali et al., 2018) with more general attention to catchment linkages reaching back even
further (Schumm, 1954; Leopold et al., 1964; Chorley and Kennedy, 1971, Ferguson, 1981;
Harvey, 1996).
Many researchers in both engineering and geomorphology fields have significantly
advanced methods to quantify connectivity (e.g., Fryirs et al., 2007; Borselli et al., 2008;
Bracken et al., 2015; Gran and Czuba, 2017; Mahoney et al., 2018; Ali et al., 2018).
Connectivity theory has been applied within models to assess the active contributing area
(e.g., Fryirs et al., 2007; Heckmann et al., 2018; Mahoney et al., 2018) representing the
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spatial extent (i.e., spatial patterns) of connectivity in watersheds. Within the
geomorphologic context, connectivity often serves as a tool to estimate the sensitivity of
watersheds to disturbances (Phillips, 2015) and elucidates controlling geomorphologic
processes at both fine and course scales (Heckmann et al., 2018; Mahoney et al., 2018).
For example, resilience of a system to upstream or downstream feedbacks reflects poor
connectivity of the system (Bracken et al., 2015; Cavalli et al., 2019).
3.1.3 New connectivity advancements in Part I companion paper
One area of sediment connectivity that requires new development is formulation of
quantitative equations that account for the major tenets now recognized define connectivity
in predictive frameworks (Bracken et al., 2015; Ali et al., 2018; Heckmann et al., 2018).
Researchers now agree that a holistic definition of connectivity should consider
connectivity’s magnitude, spatial extent, timing, and continuity (e.g., Bracken et al., 2015;
Grant et al., 2017; Ali et al., 2018; Wohl et al., 2019). The magnitude of connectivity
represents the strength of initial connections and describes the amount of sediment
generation from a source which can be supply limited, shear limited, or transport limited
(e.g., Grant et al., 2017). This concept indicates that the higher the magnitude and
continuity of connections, the more connected the system is (e.g., Bracken et al., 2015;
Grant et al., 2017; Ali et al., 2018; Heckmann et al., 2018; Wohl et al., 2019). Spatial
connectivity describes the spatial pattern of fundamental sources and pathways that
actively contribute sediment from the watershed uplands to its outlet (Ambroise, 2004;
Fryirs et al., 2007; Bracken et al., 2015). The timing of connectivity describes the active
period when sources and pathways detach and transport connected sediments (Ambroise,
2004; Ali et al., 2018; Wohl et al., 2019). Continuity is closely linked to connectivity’s
magnitude and describes the continuous gradient of geomorphic processes along sediment
pathways that enhance or impede connections (Grant et al., 2017). In this paper we offer a
quantitative approach to assess connectivity’s magnitude, spatial extent, timing, and
continuity. We do so using the formulation of the probability of connectivity from
Mahoney et al. (2018) to represent the spatial extent of connectivity coupled with new
probability formulations for connectivity’s magnitude, timing, and continuity.
Another area of connectivity requiring development is theory and equations for
timing of connectivity.

Current connectivity approaches include: (1) index-based
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connectivity assessments (see Heckmann et al., 2018 for review); (2) effective catchment
area estimation (Fryirs et al., 2007); and (3) network-based connectivity simulations
(Heckmann and Schwanghart, 2013; Gran and Czuba, 2017). While these models often
adequately represent the structural connections of landscape elements (Fryirs et al., 2007;
Borselli et al., 2008), they do not quantify high-temporal variability of connectivity that
occurs during hydrologic events (Bracken et al., 2015; Heckmann et al., 2018; Ali et al.,
2018). Models that do represent dynamic connectivity processes (referred to as functional
connectivity; Wainwright et al., 2011) often neglect upland connected pathways or poorly
represent connectivity at temporal scales in which they occur (Parsons et al., 2015; Gran
and Czuba, 2017; Nunes et al., 2017; Wohl et al., 2019). We argue connectivity
frameworks should consider the locations where connectivity occurs and timing of
connectivity because hot-moments of erosion can contribute disproportionately to the
sediment load (Ambroise, 2004; Bracken et al., 2015). Therefore, in this paper we develop
the probability of connected timing equation to estimate when connectivity occurs.
Our objectives of Part I of these companion papers were: (1) theoretical
development of a probability of connectivity formula considering connectivity’s
magnitude, spatial extent, timing and continuity; and (2) investigation of the dependence
of the probability of connected timing and spatial connectivity on structural and functional
watershed characteristics.

3.2 THEORETICAL DEVELOPMENT
We use a probability approach to predict the tenets of sediment connectivity. A
probability approach reflects the stochastic nature of sediment transport and the
heterogeneity of water and sediment variables across a watershed scale (Gessler, 1971;
Hargrave and Burns, 1979; Wright and Webster, 1991; Borselli et al., 2008; Papanicolaou
et al., 2008; Mahoney et al., 2018). Tenets for connectivity’s magnitude, spatial extent,
timing, and continuity are included by formulating a generation function for magnitude,
and probabilities for the spatial extent (i.e., spatial patterns) of connectivity, active time
when connectivity occurs, and continuity of connections. We formulate sediment flux, 𝑚𝑚̇,

as:

𝑚𝑚̇ = 𝐺𝐺[𝑃𝑃(𝐶𝐶) ∩ 𝑃𝑃(𝜏𝜏) ∩ 𝑃𝑃(𝛾𝛾)] ,

(1)
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where, 𝐺𝐺 is sediment generation rate in a landscape unit, 𝑃𝑃(𝐶𝐶) is the probability of spatial

sediment connectivity representing the spatial extent (i.e., spatial patterns), originally
formulated by Mahoney et al. (2018), 𝑃𝑃(𝜏𝜏) is the probability of connected sediment timing

representing active time for eroded sediment to reach a specified stream location, and 𝑃𝑃(𝛾𝛾)
is the probability of sediment (dis)continuity representing continuity of connectivity along
the transport pathway.

We elaborate the theoretical background for the probabilities specified in Eq. 1.
First, 𝑃𝑃(𝐶𝐶) considers structural characteristics of a watershed because each landscape unit
(e.g., geospatial cell) may vary in its properties (e.g., slope, critical shear stress of

sediment). 𝑃𝑃(𝐶𝐶) also can reflect functional variability because it reflects hydrologic

parameters during an event (e.g., soil moisture, rainfall depth) (Borselli et al., 2008;
Mahoney et al., 2018; Heckmann et al., 2019). 𝑃𝑃(𝐶𝐶) was originally formulated by
Mahoney et al. (2018). Second, we introduce 𝑃𝑃(𝜏𝜏) to account for sediment travel time to
show the temporal variability of sediment flux during an event (Hoffmann, 2015; Ali et al.,
2018). Third, 𝑃𝑃(𝐶𝐶) and 𝑃𝑃(𝜏𝜏) estimate where and when sediment is connected, and 𝑃𝑃(𝛾𝛾)
is used to represent the fraction of total eroded sediment that is lost along the stream

network due to discontinuity (Grant et al., 2017; Wohl et al., 2017). Fourth, Eq. 1 uses
intersecting probabilities to estimate sediment connectivity because detachment and
transport must occur sequentially and coincidentally with continuity for sediments to be
connected to the watershed outlet (Bracken et al., 2015; Grant et al., 2017; Wohl et al.,
2019). Fifth, the intersecting probabilities estimate the sufficient conditions for sediment
transport but must be multiplied by an erosion generation function, 𝐺𝐺, to estimate flux
(Borselli et al., 2008; Heckmann et al., 2018; Mahoney et al., 2018).

Next, we formulate each probability in Eq. 1. We formulate 𝑃𝑃(𝐶𝐶) considering the

probability definition of Borselli et al. (2008) and formulation of Mahoney et al. (2018).

𝑃𝑃(𝐶𝐶) reflects spatial connectivity with co-occurring sediment transport processes of
supply, generation, transport, and buffering as:
𝑃𝑃(𝐶𝐶) = 𝑃𝑃(𝑆𝑆) ∩ 𝑃𝑃(𝐺𝐺) ∩ 𝑃𝑃(𝑇𝑇) ∩ {1 − 𝑃𝑃(𝐵𝐵)} ,

(2)

where 𝑃𝑃(𝑆𝑆) is the probability that transportable supply of a sediment exists, 𝑃𝑃(𝐺𝐺) is the

probability that a sediment can be detached and entrained in flow, 𝑃𝑃(𝑇𝑇) is the probability
that transport of sediment can occur from the generating landscape to the stream network,
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and 𝑃𝑃(𝐵𝐵) is the probability that a buffer (i.e., an impediment of lateral sediment transport

into the stream network; Fryirs, 2013) exists coincidentally (Mahoney et al., 2018).
Intersecting probabilities represent connectivity because each process must coincide for
sediment transport to occur (Leopold et al., 1964). 𝑃𝑃(𝐶𝐶) can be discretized for each space-

time unit when each probability is known or estimated, for example by using detachment
and transport equations that incorporate both structural and functional components
(Mahoney et al., 2018). Inputs to Eq. 2 representing structural watershed properties (e.g.,
the spatial configuration of the components of the system; Heckmann et al., 2018) can be
realized using either topographic models, field surveying measurements, or landscape
evolution modelling (Coulthard, 2001).

Inputs representing functional watershed

properties (e.g., representing the system’s process dynamics; Wainwright et al., 2011;
Heckmann et al., 2018) such as soil moisture content and runoff depth can be realized using
hydrologic modelling, remote sensing of satellite data, or sensor data (Mahoney et al.,
2018).
We formulate 𝑃𝑃(𝜏𝜏) as:
𝑇𝑇

(3)

𝑃𝑃(𝜏𝜏) = ∫𝑇𝑇 2 𝑓𝑓(𝑡𝑡) 𝑑𝑑𝑑𝑑
1

where 𝑡𝑡 is time and 𝑓𝑓(𝑡𝑡) represents the frequency distribution for the amount of time until

sediment generated in a connected landscape unit reaches the catchment outlet. 𝑓𝑓(𝑡𝑡) may

be specified as parametric or non-parametric and we leave this development and discussion

open for the time being. 𝑃𝑃(𝜏𝜏) represents the percent of connected landscape units with
high probability to contribute a material between times 𝑇𝑇1 and 𝑇𝑇2 , where 𝑇𝑇1 and 𝑇𝑇2 fall

within the temporal domain of the event’s extent and 𝑇𝑇2 > 𝑇𝑇1 . Also, 𝑇𝑇𝑚𝑚 ≥ 𝑇𝑇2 > 𝑇𝑇1 ≥ 𝑇𝑇0 ,
where 𝑇𝑇0 represents the moment when sediment is initially mobilized and 𝑇𝑇𝑚𝑚 represents
the longest travel time between a landscape unit generating a sediment and the catchment

outlet. When integrated over an entire event, 𝑇𝑇1 becomes 𝑇𝑇0 , 𝑇𝑇2 becomes 𝑇𝑇𝑚𝑚 , and 𝑃𝑃(𝜏𝜏) is

unity because the travel of all connected landscape units has been accounted for.

Simulation of 𝑃𝑃(𝜏𝜏) is tested further in the methods and considers sediment travel velocity
simulation, structural representation of the physical pathways of sediment, and the active
contributing area of connected cells.

We represent the continuum of connectivity (e.g., see discussions by Grant et al.,
2017; Wohl et al., 2019) using 𝑃𝑃(𝛾𝛾). Continuity is unity when all sediment generated from
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a landscape unit reaches the watershed outlet. Continuity is zero when all sediment
generated from a landscape unit is removed from transport prior to the outlet. Continuity
is non-trivial and is a function of the type of sediment and landscape studied, spatial extent
of transport and length along the flow pathway, and hydrologic forcing. For example,
continuity has been estimated considering a variety of factors and processes such as
catchment area or distance to the catchment outlet (e.g., Borselli et al., 2008; Cavalli et al.,
2013; Bracken et al., 2015), upwelling and downwelling motions in streams (e.g., Cellino
and Lemmin, 2004), equilibrium exchange along the flow pathway (Mahoney et al., 2019),
and energy deficit of the flow (Foster et al., 1995). Considering the potential variability of
predicting 𝑃𝑃(𝛾𝛾), we keep our functional relationship general as:

𝑃𝑃(𝛾𝛾) = 𝑓𝑓𝑓𝑓 ��𝐿𝐿, 𝑆𝑆𝑓𝑓 , 𝑘𝑘𝑠𝑠 �, (𝜇𝜇, 𝜌𝜌, 𝐻𝐻, 𝑉𝑉), (𝑔𝑔), (𝜌𝜌𝑠𝑠 , 𝑑𝑑, 𝑆𝑆𝑆𝑆, 𝑤𝑤𝑠𝑠 ), ( 𝑇𝑇𝐶𝐶 , 𝐺𝐺, 𝐶𝐶𝑠𝑠 )�.

(4)

Each variable in Eq. 4 is not necessarily independent of the others but rather are

inclusive of variables used for approximating continuity in different landscape or stream
conditions. The first set of variables are mainly landscape-flow variables, where 𝐿𝐿, 𝑆𝑆𝑓𝑓 and

𝑘𝑘𝑠𝑠 are the length, friction slope, roughness height of the pathway. The second set are fluid
variables, where µ, ρ, H and V are fluid viscosity, density, depth and velocity along the

pathway. g is gravity. The fourth set are sediment variables, where ρs, d, SF and ws are

sediment density, size, shape and fall velocity. The fifth set are secondary variables
commonly used in energy models, where 𝑇𝑇𝐶𝐶 , 𝐺𝐺 and 𝐶𝐶𝑠𝑠 are the transport capacity, sediment
load and concentration profile. The general functional relationship in Eq. 4 can be made

more specific depending on the scale and dominant processes of the basin. For example, if
(dis)continuity and sediment deposition are primarily controlled by landscape morphology,
a specific relationship using the first set of variables might be developed. We specify our
continuity relationship for in-stream transport for the study site in the methods section of
Part II of these companion papers (Mahoney et al., 2020).
We discretize Eq. 1 and accompanying formula for a catchment that has spatially varying
water and sediment variables, and then perform integration to estimate sediment yield for
the entire system. We discretize Eq. 1 considering each spatial and temporal unit (Nunes
et al., 2017) and estimate flux for each space-time unit as:
̇ = 𝐺𝐺𝑖𝑖𝑖𝑖 �𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 ∩ 𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 ∩ 𝑃𝑃(𝛾𝛾)𝑖𝑖𝑖𝑖 � ,
𝑚𝑚𝚤𝚤𝚤𝚤

(5)
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where 𝑗𝑗 is the spatial unit and 𝑖𝑖 is the time step. The spatial unit specified for individual
cells of a high-resolution digital elevation model (i.e. approximately 1 m resolution or less)

has been found to capture morphologic features important for estimating spatial extent (i.e.,
patterns) of connectivity (e.g., Cantreul et al., 2018; Lopez-Vicente and Alvarez, 2018;
Mahoney et al., 2018), and is the spatial unit considered in these studies. We estimate
sediment yield for the duration of a hydrologic event of variable magnitude by integrating
Eq. 5 over the catchment surface and duration of the storm as:
𝑌𝑌 = ∫ ∫ 𝑚𝑚𝚤𝚤𝚤𝚤
̇ 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 = ∫ ∫ 𝐺𝐺𝑖𝑖𝑖𝑖 �𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 ∩ 𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 ∩ 𝑃𝑃(𝛾𝛾)𝑖𝑖𝑖𝑖 �𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 ,

(6)

where 𝑌𝑌 represents the total mass of sediment yielded over the event from the catchment;
s is the surface dimensions; and t is time.

3.3 STUDY SITE
We applied the connectivity model to the Upper South Elkhorn watershed (61.7
km2) in Kentucky, USA (Fig. 1). Land use in the watershed consists of predominantly
urban areas (46%) that make up the southwest portion of Lexington, KY and agricultural
pastures (35%), which support the thoroughbred equine industry for which the area is
known (see Fig. 2; ESR, 2013). The remainder of the watershed consists of sparse forests
and cultivated crops (< 20%). Soils within the uplands of the watershed are generally siltloams and well-drained. In the north-western portion of the watershed, soils consist of
greater clay content than the remainder of the uplands and are drained less efficiently
(Mahoney, 2017; Mahoney et al., 2018). Morphology of the land is “gently rolling”, which
is indicative of the generally low-gradient topography and dispersed, mildly-sloping
surfaces that dissect the uplands (McGrain, 1983). Elevation of the watershed ranges from
837-1065 m above sea level (see Fig. 2a). Slopes throughout the watershed uplands range
from 0.0 to 3.4 m m-1. Hillslopes in upper reaches of the watershed are rolling with locally
steep sites and are generally considered well-dissected. Lower in the watershed near the
stream, flat floodplains are generally well-developed on either side of the main channel.
Features that promote sediment connectivity include roadside ditches and ephemeral
gullies with increased concentrated flow and available energy to detach and transport
sediment (Mahoney, 2017; Mahoney et al., 2018). The watershed uplands are characterized
by undulating microtopography that promotes localized flat gradients disconnecting upland
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sediment (Phillips et al., 2017; Mahoney et al., 2018). The region’s climate is considered
to be humid subtropical with average temperatures ranging between 0.5°C and 24.5°C and
average yearly precipitation equal to 1184 mm (Ulack et al., 1977). The stream network is
generally low-gradient, with long, flat floodplains present on either side that impede lateral
sediment transport (Mahoney et al., 2018). Lithology of the watershed consists primarily
of Middle Ordovician limestone known as Lexington Limestone (see Fig. 2d; KGS, 2013).
Brannon and Tanglewood members are subdivisions of Lexington Limestone and are
located within the watershed. Shale is interbedded sparsely throughout the Brannon
member. High karst potential is related to the percentage of limestone making up the
lithology in the Upper South Elkhorn. Bedrock outcrops control instream geomorphology
by functioning as downstream hydraulic controls that generate long pools with flat
gradients that reduce fluid transport capacity and inhibit longitudinal sediment transport
(Mahoney et al., 2019).

3.4 MATERIALS AND METHODS
The methods are described for investigating the dependence of the probability of
spatial connectivity, 𝑃𝑃(𝐶𝐶), and probability of connected timing, 𝑃𝑃(𝜏𝜏), on structural and
functional watershed characteristics. The general approach was as follows. First, 𝑃𝑃(𝐶𝐶)

and 𝑃𝑃(𝜏𝜏) were calculated for the 181 catchments for events during a multi-year simulation

period from 2006-2019. Data sources used during the simulation are recorded in Table 1
and Table 2. After testing the sensitivity of the methods, a subset of catchments and storm

events with contrasting morphology and net sediment connectivity, respectively, were
selected for further analyses to understand structural and functional controls on 𝑃𝑃(𝐶𝐶) and
𝑃𝑃(𝜏𝜏) at variable scales and locations throughout the watershed and during events of

variable magnitude and duration. We analyzed five catchments of variable contributing
area, slope, land use, and soil texture (see Table 3) to understand the control of structural

connectivity on 𝑃𝑃(𝐶𝐶) and 𝑃𝑃(𝜏𝜏). Catchment contributing areas ranged from relatively small
to large (0.05 km2 to 2.10 km2). Slopes ranged from flat to steep (0.06 m m-1 to 0.13 m m-

1

). Land use ranged from primarily forest and agricultural pastures (100%) to primarily

developed (74.3%). Clay, silt, and soil content varied from catchment to catchment (see
Table 3). Events analyzed had variable magnitude and duration and hence captured variable
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functional controls of connectivity throughout catchments. Specifically, we analyzed
events occurring on days 2, 72, and 97 of the initial study year (2006), which corresponded
to low (12 mm rainfall over 2 hours), high (22 mm rainfall over 7 hours), and medium (15
mm rainfall over 3 hours) hydrologic events, respectively (see Table 4). Mahoney et al.
(2018) found that these events were representative of the mean connectivity conditions in
the watershed (day 2) throughout the initial study year (2006), maximum connectivity (day
72), and an intermediate connectivity condition where important contributions to annual
sediment yield are made (day 97; see Mahoney et al., 2018). Visual analyses were carried
out to compare 𝑃𝑃(𝐶𝐶) and 𝑃𝑃(𝜏𝜏) variability due to structural connectivity (e.g., catchment
physical characteristics, Table 3) and functional connectivity (e.g., hydrologic variability,

Table 4); and statistical analyses were then performed to fit distributions and test
dependence of 𝑃𝑃(𝐶𝐶) and 𝑃𝑃(𝜏𝜏) on catchment morphology (structural) and event magnitude
(functional). Parameterization of 𝑃𝑃(𝐶𝐶) and 𝑃𝑃(𝜏𝜏) are given in the next sub-sections with
additional emphasis given to 𝑃𝑃(𝜏𝜏) sensitivity.

We used existing materials, including field measurements, geospatial data,

modelling, and software, to carry out the probability of connectivity modelling. We used
field reconnaissance results and field measurements of upland and instream connectivity
processes, hydraulic properties of reaches, channel bathymetry, and locations of bedrock
outcrops (Mahoney, 2017; Mahoney et al., 2018, 2019).

We used high-resolution

geospatial data (see Table 1) to parameterize hydrologic variables of the watershed and
create a three-dimensional representation of watershed topography. We utilized geospatial
data from National Land Cover Database (NLCD) to identify land cover and land use. We
used hydrologic modelling via the Soil Water Assessment Tool (SWAT) results to estimate
hydrologic variability (Mahoney et al., 2018, 2019). We used our previously developed
model for the spatial extent (i.e., spatial patterns) of connectivity, 𝑃𝑃(𝐶𝐶), to simulate the
active contributing areas (Mahoney et al., 2018). We used software, including ArcGIS

10.4.1, ArcSWAT 2012.10.21, and Matlab R2017a, to simulate the probability-based
connectivity variables, streamflow, and sediment flux. All software was run on a desktop
PC (Intel® CoreTM i7-6700 CPU at 3.40 GHz; 64-bit operating system, x64-based
processor).
3.4.1 Probability of sediment connectivity, 𝑷𝑷(𝑪𝑪)
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The equations for 𝑃𝑃(𝐶𝐶) simulation are found in Mahoney et al. (2018). In brief,

Eq. 2 is expanded as:

𝑃𝑃(𝐶𝐶) = 𝑃𝑃(𝑆𝑆) ∩ 𝑃𝑃(𝐷𝐷𝐻𝐻 ∪ 𝐷𝐷𝑁𝑁𝑁𝑁 ) ∩ 𝑃𝑃(𝑇𝑇𝐻𝐻 ∪ 𝑇𝑇𝑁𝑁𝑁𝑁 ) ∩ {1 − 𝑃𝑃(𝐵𝐵)},

(7)

where 𝐷𝐷𝐻𝐻 is hydrologic-mediated detachment, 𝐷𝐷𝑁𝑁𝑁𝑁 is non-hydrologic-mediated
detachment, and the two terms replace 𝑃𝑃(𝐺𝐺). Likewise, 𝑇𝑇𝐻𝐻 is hydrologic-mediated

transport, 𝑇𝑇𝑁𝑁𝑁𝑁 is non-hydrologic-mediated transport, and the terms replace 𝑃𝑃(𝑇𝑇). Eq. 7 is

expanded mathematically as:

𝑃𝑃(𝐶𝐶) = {𝑃𝑃(𝑆𝑆)} ∙ {𝑃𝑃(𝐷𝐷𝐻𝐻 ) + 𝑃𝑃(𝐷𝐷𝑁𝑁𝑁𝑁 ) − 𝑃𝑃(𝐷𝐷𝐻𝐻 )𝑃𝑃(𝐷𝐷𝑁𝑁𝑁𝑁 )} ∙ {𝑃𝑃(𝑇𝑇𝐻𝐻 ) + 𝑃𝑃(𝑇𝑇𝑁𝑁𝑁𝑁 ) −
𝑃𝑃(𝑇𝑇𝐻𝐻 )𝑃𝑃(𝑇𝑇𝑁𝑁𝑁𝑁 )} ∙ {1 − 𝑃𝑃(𝐵𝐵)}

(8)

Fig. 3 shows the multiplicative structure for 𝑃𝑃(𝐶𝐶) and the inputs we used to

parameterize each process-associated probability. Our inputs included a DEM, field
results, soils data, land use and land cover data, and meteorological data (see Table 1). A

Boolean approach was used to parameterize each 1.5 m geospatial cell across the watershed
surface with a probability of zero or one to reflect disconnectivity or connectivity,
respectively, for the spatial cell for the day of year simulated.
3.4.2 Probability of connected timing, 𝑷𝑷(𝝉𝝉)

Fig. 4 shows the simulation method for 𝑃𝑃(𝜏𝜏). We first discretized the watershed

and stream network into 181 catchments and reaches (see Fig. 1) based on the location of
bedrock outcrops that dissect instream morphology (Mahoney, 2017; Mahoney et al.,
2018). We estimated the overland velocity for each cell with sediment connectivity using
the digital elevation model, length of the flowpath from connected cells to the catchment
outlet, slope of the pathway, and an estimate of hydraulic roughness as function of land
cover. The time for sediment originating in cell j to enter the stream network is estimated
using the length of the flow path from cell j to the trunk stream and the velocity of fluid in
cell j, (Grimaldi et al., 2010) as:
𝐿𝐿

𝑇𝑇𝑗𝑗 = 𝑉𝑉 𝑗𝑗

(9)

𝑖𝑖𝑖𝑖

where 𝑇𝑇𝑗𝑗 is the travel time from connected cell j to the stream network during an event (hr),

𝐿𝐿𝑗𝑗 is the flowpath length (m) from the connected cell to the stream network, and 𝑉𝑉𝑗𝑗 is the

average overland runoff velocity during an event (m s-1). Applying Eq. 9 assumes sediment
transport velocity for connected cells is equal to the velocity of runoff, which is reasonable
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for the size of fluvial sediment in this basin (d=20µm, Fox et al., 2010). 𝐿𝐿𝑗𝑗 was estimated

for each connected cell using ArcMap version 10.4.4 spatial analyst extension by masking
the DEM of the entire watershed with each of the 181 catchments and running the flow
length tool.
A number of methods are available to approximate 𝑉𝑉𝑗𝑗 in Eq. 9, and we tested the

sensitivity of the methods including the Darcy-Weisbach formula, Manning equation, the

SCS overland velocity method (Haan et al., 1994), and the overland velocity equation
presented in Maidment et al. (1996). The Darcy-Weisbach formula was applied as:
𝑉𝑉𝑗𝑗 =

8𝑔𝑔𝑆𝑆𝑗𝑗 𝑦𝑦𝑗𝑗2

(10)

𝐾𝐾Φ

where 𝑔𝑔 is the gravitational acceleration (m s-2), 𝑆𝑆𝑗𝑗 is the slope (m m-1) in cell j, 𝑦𝑦𝑗𝑗 is the
overland flow depth (m) in cell j as determined using analysis from the hydrologic

modelling results, 𝐾𝐾 is the Darcy-Weisbach friction factor, and Φ is the kinematic viscosity
(m2 s-1). Darcy-Weisbach is generally applicable to laminar, turbulent or transitional flow

regimes (Katz et al., 1995). Manning’s equation was applied as:
1

2

1

(11)

𝑉𝑉𝑗𝑗 = 𝑛𝑛 𝑦𝑦𝑗𝑗3 𝑆𝑆𝑗𝑗2
𝑗𝑗

where 𝑛𝑛𝑗𝑗 is Manning’s roughness factor in cell j, and other variables are already defined.

The Manning formula is appropriate for turbulent flow regimes, and was empirically
formulated for relatively flat channels (e.g., Hessel et al., 2003). The SCS method was
applied as:
(12)

𝑉𝑉𝑗𝑗 = 𝑎𝑎𝑗𝑗 �𝑆𝑆𝑗𝑗

where 𝑎𝑎𝑗𝑗 is an empirical estimate of the land use and flow type (m s-1) in cell j. According
to Grimaldi et al. (2010), this equation is appropriate for overland flow and shallow flow,

but overestimates velocity during instances when the slope is greater than 0.04 (m m-1).
Slope is thus adjusted to correct for the overestimation with the equation developed in
Grimaldi et al. (2010) and references cited therein as:
𝑆𝑆𝑗𝑗′ = 0.05247 + 0.06363 ∙ 𝑆𝑆𝑗𝑗 − 0.182 ∙ 𝑒𝑒 −62.38∙𝑆𝑆𝑗𝑗

(13)

where 𝑆𝑆𝑗𝑗′ is the corrected slope utilized in Eq. 12 for slopes greater than 0.04 (m m-1).

Table 2 shows values of the Darcy-Weisbach 𝐾𝐾, Manning’s 𝑛𝑛, and SCS 𝑎𝑎 coefficients used

to represent land use in the Upper South Elkhorn watershed (Ponce, 1989; Haan et al.,
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1994; McCuen, 1998 Grimaldi et al., 2010). The Maidment et al. (1996) equation was used
as:
𝑉𝑉�𝚥𝚥

𝑉𝑉𝑗𝑗 = ���������
∙ 𝑆𝑆𝑗𝑗𝑏𝑏 𝐴𝐴𝑗𝑗𝑐𝑐
𝑏𝑏 𝑐𝑐

(14)

�𝑆𝑆𝚥𝚥 𝐴𝐴𝚥𝚥 �

�𝚥𝚥 is the mean velocity for the catchment representing the average kinematic energy
where 𝑉𝑉
of hillslopes and channels, 𝐴𝐴𝑗𝑗 is the upstream drainage area of cell j, ���������
�𝑆𝑆𝚥𝚥𝑏𝑏 𝐴𝐴𝚥𝚥𝑐𝑐 � is the average

of the slope in cell j times the upstream drainage area of cell j over the watershed surface,
and 𝑏𝑏, 𝑐𝑐 are calibration coefficients. Maidment et al. (1996) recommends the calibration
coefficients to both equal 0.5.

We adjusted overland flow velocity using practical

considerations. Grimaldi et al. (2010) synthesized literature from Maidment et al. (1996),

Chen (1998), and Noto and Loggia (2007) to derive a range of realistic overland flow
velocities equal to 0.02 m s-1 to 2.0 m s-1, and we have adopted a similar approach to define
acceptable overland velocity ranges based on this literature. We present an in-depth review
of these papers. Maidment et al. (1996) highlighted the importance of limiting the
simulated velocity values of overland flow to an acceptable range to ensure modelled
runoff travels at a minimal velocity from flat areas with small drainage areas and to ensure
that simulated flow does not move at unrealistically high velocities. Maidment et al. (1996)
implemented an upper velocity bound of 220 m min-1 (3.67 m s-1) and lower bound of 1.65
m min-1 (0.0275 m s-1). Slopes of the watershed analyzed in Maidment et al. (1996)
generally range between 0-15° and the morphology is considered to be “rolling hills
dissected by steep valleys,” which is similar to the Upper South Elkhorn watershed
analyzed herein. Noto and Loggia (2007) used minimum overland velocity equal to 0.05
m s-1 and maximum velocity of 0.5 m s-1 on hillslopes, and found minimum velocity of 0.6
m s-1 and maximum velocity of 2.0 m s-1 in channels, based on studies conducted by Chow
et al. (1988) and Eagleson (1970). Studies mentioned herein set values less than the
minimum allowed velocity and greater than the maximum allowed velocity to those
respective velocities and were able to successfully recreate hydrographs in their respective
studies, thus justifying our use of these criteria herein. In this study, cells with overland
velocity estimates less than 0.02 m s-1 were set to 0.02 m s-1 and cells with overland velocity
estimates greater than 2.0 m s-1 were set to 2.0 m s-1 based on the aforementioned findings
of researchers who implemented similar criteria to create synthetic unit hydrographs using
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similar distributed approaches (see Eagleson, 1970; Chow et al., 1988; Maidment et al.,
1996; Chen, 1998; Noto and Loggia, 2007; Grimaldi et al., 2010).
Sensitivity analyses of 𝑉𝑉𝑗𝑗 was performed for a subset of all data (i.e., the wettest

day of the year) used in eventual connectivity simulation. We assume that runoff velocity
is time- and discharge-invariant, which is one potential limitation of using this method
given the known relationship between velocity and runoff depth (e.g., Jain, 2001).
However, Pilgrim (1976) found that medium- and high-flows exhibited flow velocities that
were nearly constant, which coincides with days with the most sediment and hydrologic
connectivity and the most sediment transport in the Upper South Elkhorn watershed
(Mahoney et al., 2018). We simulate overland runoff depth using SWAT simulations from
Day 72 of the initial study period (2006) from Mahoney et al. (2018). Day 72 of the initial
study period was predicted to have the highest probability of connectivity and 100% runoff
contribution from the watershed uplands (Mahoney et al., 2018). The initial study year
(2006) from Mahoney et al. (2018) is generally a good representation of hydrology in the
Upper South Elkhorn watershed given that the year was not particularly wet or dry for the
region. Specifically, the total precipitation during the study year was 1324.4 mm. The
average rainfall during the study period (2006-2019) was 1324.2 mm (𝜎𝜎 = 228.4 mm).
Minimum rainfall was 1005.1 mm (2010) and maximum precipitation was 1723.9 mm
(2018). Therefore we justify the use of this simulation for representing overland flow
velocity (NOAA, 2019).
After completing the sensitivity analyses and selecting the most appropriate
method, we calculated 𝑃𝑃(𝜏𝜏) following Eq. 3. 𝑇𝑇𝑗𝑗 for connected cells in each catchment is

produced by masking the distributed overland travel time raster with results from the 𝑃𝑃(𝐶𝐶)

model (i.e., 𝑃𝑃(𝐶𝐶)𝑗𝑗 = 1). The space-time frequency distributions, 𝑓𝑓(𝑡𝑡) of Eq. 3, are then

output for application in Eq. 5 and 6 such that separate 𝑓𝑓(𝑡𝑡) are created for each of the 181
catchments and for each hydrologic event where connectivity exists. 𝑃𝑃(𝜏𝜏) can then

calculated for the entire basin and for any time increment, 𝑇𝑇1 to 𝑇𝑇2 , during a hydrologic

event.

We parameterized probability distribution functions for timing frequency distributions to
investigate the quantitative dependence of 𝑃𝑃(𝜏𝜏) on structural and functional watershed

properties. We investigated multiple families of probability distribution functions relative
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to the timing frequency distributions to identify the distribution of best fit, including the
normal distribution, beta distribution, Weibull distribution, and log-logistic distribution.
We used the Kolmogorov-Smirnov test to assess if samples from the frequency distribution
could be described with parameters from the probability distribution functions at a
significance level of 0.05.

3.5 RESULTS AND DISCUSSION
3.5.1 Structural and functional dependence of the probability of connectivity, 𝑷𝑷(𝑪𝑪)

Results from our analyses suggest 𝑃𝑃(𝐶𝐶) is dependent on both structural and

functional watershed characteristics for the Upper South Elkhorn study site. Structural

dependence is ascertained based on 𝑃𝑃(𝐶𝐶) differences from catchment to catchment; and
functional dependence is concluded by comparison of hydrology events with different
magnitudes. For example, Fig. 5 shows variability of the probability of connectivity for

five different catchments in the basin and for three different hydrologic events. The
catchments shown in Fig 5. are constant for each column of images, and the events shown
in Fig. 5 are constant for each row of images. As shown, 𝑃𝑃(𝐶𝐶) can vary by as much as

30% from event-to-event for a fixed catchment. 𝑃𝑃(𝐶𝐶) can vary by as much as 40% from

catchment-to-catchment for a fixed event. The differences from event to event in Fig. 5
correspond to 2, 7 and 12% connectivity for the entire Upper South Elkhorn watershed,
and 𝑃𝑃(𝐶𝐶) for the entire watershed was discussed in Mahoney et al. (2018). These events
were chosen herein for comparison in the figure because the mean 𝑃𝑃(𝐶𝐶) for the entire

watershed was 2% during days when some connectivity occurred, 12% was the maximum
𝑃𝑃(𝐶𝐶) reached in past analyses, and a value of greater than or equal to 7% watershed

connectivity corresponds to nearly 75% of the annual sediment yield being transported
(Mahoney et al., 2018). The catchments in Fig. 5 reflect different catchment scales, and
distribution of soil and land cover properties (see Table 3).
Comparison of 𝑃𝑃(𝐶𝐶) results between catchments during a single hydrologic event

(i.e., across a row in Fig. 5) highlights the dependence on structural catchment properties.
For example, on day 2 when the overall watershed probability of connectivity was equal to
2%, the probability of connectivity in individual catchments varied from 0.3% in catchment

87 (Fig. 5e) to 25.3% in catchment 2 (Fig. 5b). Regardless of event, catchments in the
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northern portion of the watershed (e.g., catchment 1, 2, and 3; Fig. 5a-5c) generally showed
higher 𝑃𝑃(𝐶𝐶) values than catchments in the southern portion of the watershed (e.g.,
catchment 87; Fig. 5e). Table 3 shows structural properties of the five catchments shown

in Fig. 5 and offers potential explanation for the large degree of variability between
catchment probability of connectivity values. One reason is the shift in soil type from
southern to northern catchments in the Upper South Elkhorn watershed. Soils in southern
catchments consist of greater percentages of sand than northern catchments and thus drain
more quickly than soils in the northern portion of the watershed, which consist of greater
percentages of clay and silt (see Table 3; NRCS, 2009). The texture differences results in
greater runoff production in northern catchments during hydrologic events, thus increasing
fluid energy available to detach and transport sediment. This is corroborated when visually
observing distributed 𝑃𝑃(𝐶𝐶) results for Fig. 5a and Fig. 5e (catchment 1 and catchment 87

are in northern and southern regions, respectively). On day 2, 8.0% (0. 088 km2) of
catchment 1 is predicted to be connected while 0.3% (0.006 km2) of catchment 87 is
predicted to be connected.
Another structural watershed characteristic that 𝑃𝑃(𝐶𝐶) is found to be dependent on

is drainage area. Fig. 5 and Table 3 indicate the probability of connectivity generally
decreases with increasing drainage area. This is because slopes in small headwater

catchments of the Upper South Elkhorn watershed tended to be greater than those in larger
catchments. We find that floodplains in larger catchments of the Upper South Elkhorn
watershed are typically better-developed than those of smaller catchments and that
floodplains impede lateral sediment transport in these areas (Mahoney, 2017; Mahoney et
al., 2018). Generally smaller catchments are more dissected and have steeper slopes than
larger catchments (see Table 3), and thus are better connected.
Results for 𝑃𝑃(𝐶𝐶) across events for a single catchment (i.e., down a column in Fig.

5) highlight the dependence of 𝑃𝑃(𝐶𝐶) on functional watershed properties (i.e., antecedent

conditions and hydrologic event magnitude). For example, the probability of connectivity
in catchment 1 increases from 8.0% on day 2 to 38.4% on day 72, which far exceeds the
2% to 12% variation of the entire watershed for these days. The runoff depth estimated
via SWAT for day 2 and 72 was 1.1 and 7.6 mm, respectively; and the daily curve number
(i.e., a proxy for antecedent moisture content) for day 2 and 72 was 78 and 87, respectively.
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Notably, comparison of event-to-event connectivity for a single catchment shows
pathways connected from smaller hydrologic events are consistently reconnected during
larger hydrologic events. In this way, pathways of the smaller hydrologic events provide
the stencil for larger events, which is perhaps best observed in columns b and d of Fig. 5.
The result shows the most sensitive connected pathways to hydrologic activity. In this
study, these most sensitive connected pathways correspond to ditches surrounding road
networks and ephemeral rills and gullies. These ditches and gullies are susceptible to
erosion in the South Elkhorn because they have relatively large upstream contributing areas
and commensurate increased runoff depth and available energy to detach and transport
sediment during events (Russo and Fox, 2012; Mahoney et al., 2018).
The dependence of 𝑃𝑃(𝐶𝐶) on structural and functional watershed characteristics is

corroborated by the observed connectivity literature, although few studies allow direct
comparison of our catchment-to-catchment results and event-to-event results.

For

example, in general the dependence of 𝑃𝑃(𝐶𝐶) on structural and functional watershed

properties aligns with numerous theoretical statements in recent years (Bracken et al.,
2015; Hoffmann, 2015; Nunes et al., 2017; Ali et al., 2018; Wohl et al., 2019; Zingaro et
al., 2019). Process-based results from sediment transport studies also corroborate our
results. Dependence of 𝑃𝑃(𝐶𝐶) on soil type dominance of catchments in a watershed and

functional dependence are not surprising considering soil type, runoff depth and soil
moisture content are well known to impact erosion and sediment transport (Jain, 2001;
Torri and Poesen, 2014).
The sediment delivery ratio (SDR) is often cited as a simplified proxy of sediment
connectivity (see Brierley et al., 2006; Vigiak et al., 2012; Baartman et al., 2013;
Hoffmann, 2015; Wohl et al., 2019) and several researchers have correlated morphologic
complexity with SDR (and hence connectivity) (e.g., Maner, 1958; Piest et al., 1975;
Walling, 1983; Lu et al., 2006). We find similar trends when comparing 𝑃𝑃(𝐶𝐶) results (see
Fig. 5) to catchment morphology (see Table 3). Namely, as catchment slope decreases and
as drainage area increases, 𝑃𝑃(𝐶𝐶) decreases (see Fig. 5, Table 3). This finding agrees well

with those from Baartman et al. (2013), who found that as morphologic complexity
increased, connectivity (as measured by SDR) decreased. We found that decreased relief
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(and hence increased morphologic complexity in terms of the study of Baartman et al.
(2013)) coincided with the catchments with lowest 𝑃𝑃(𝐶𝐶).

Our 𝑃𝑃(𝐶𝐶) result that is least discussed in connectivity literature is the behavior of

highly-sensitive sediment pathways to control the probability of connectivity across

hydrologic regimes. Our results indicate that the most sensitive connected pathways during

small hydrologic events are reconnected across hydrologic events. These most sensitive
connected pathways provide the stencil for 𝑃𝑃(𝐶𝐶). Few studies allow direct comparison of

our event-to-event results to test the stencil idea for other systems. The reason is that
presently, connectivity processes are most often simulated using indices, as identified in
the recent review by Heckmann et al. (2018), which are nearly all static in nature thus
limiting assessment of inter-event variability of connectivity. We highlight important
differences in connectivity indices and connectivity models, as pointed out by Heckmann
et al. (2018), where the former represents connectivity from a simplified/conceptual
standpoint and the latter refers to spatiotemporal simulations of hydrologic and sediment
processes leading to the emergence of connectivity. Perhaps results of our method would
be best compared with results of effective catchment area estimation (e.g., Harvey, 2002;
Ambroise, 2004; Fryirs et al., 2007; Fryirs, 2013; Nicoll and Brierly, 2017). To this end,
Harvey (2002) and Fryirs et al. (2013) discuss the most frequent sediment connectivity
occurs in the Howgill Fells region of northwest England due to on-slope gully erosion that
occurs approximately 30-35 times per year; and this result shows some corroboration with
the stencil idea of our results. The most sensitive connected pathways providing the stencil
for 𝑃𝑃(𝐶𝐶) is also corroborated by the general connectivity idea that a connected landscape
will be sensitive to event magnitude (e.g., Phillips, 2003; Heckmann et al., 2018).

3.5.2 Structural and functional dependence of the probability of connected timing,
𝑷𝑷(𝝉𝝉)

We investigated the dependence of 𝑃𝑃(𝜏𝜏) on structural and functional

characteristics of the watershed, and interestingly find dependence only on structural
features. We discuss this result at length given that it is a new concept in the connectivity
literature.
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Prior to concluding 𝑃𝑃(𝜏𝜏) results, we completed the sensitivity analysis and

found the overland velocity estimation using the SCS method (Eq. 12) best estimated
overland runoff velocity within the permissible range identified by Grimaldi et al. (2010)
and references cited therein (i.e., range: 0.02 m s-1 to 2.0 m s-1) for the Upper South Elkhorn
watershed. We estimated that 94% of cells throughout the watershed had velocity within
this range using this method. We found that the Darcy-Weisbach method tended to
underestimate overland flow velocity given that velocity in nearly 50% of cells throughout
the watershed were estimated to have velocity less than 0.02 m s-1. The Manning equation
tended to predict the overland velocity slightly better given that nearly 73% of cells within
the watershed fell within the permissible range, however this method also underestimated
the overland runoff velocity. The Maidment et al. (1996) method also tended to
underestimate the overland flow velocity, where 30% of cells were estimated to have
overland flow velocity less than 0.02 m s-1. Given these results, we carried the remainder
of connectivity calculations forward using the SCS overland velocity estimation method.
Our sensitivity results agree with Grimaldi et al. (2010), who found that the SCS method
best estimated overland flow velocity.
Analyses of results suggest the probability of connected timing, 𝑃𝑃(𝜏𝜏), depends only

on structural characteristics of the watershed. Frequency distributions for sediment travel
times for connected cells (see Fig. 6) show variability of the probability of timing for

catchments and events described previously in Fig. 5. 𝑃𝑃(𝜏𝜏) varies from catchment to
catchment, but generally tends to remain relatively unchanged between events, which
implies that the probability of timing is highly dependent on structural watershed properties

and weakly dependent on functional watershed properties. Visual comparison of frequency
distributions from catchment to catchment during a single event highlights variability due
to structural watershed properties. Specifically, the time associated with peak sediment
contribution (e.g., maximum probability of timing) during the event on day 2 ranges in
catchments shown in Fig. 6 between 0.08 hours in catchment 60 (Fig. 6d) to approximately
0.57 hours in catchment 87 (Fig. 6e). Table 3 offers some explanation as to the dependence
of the probability of timing on structural watershed properties. For example, given the
generally flatter slopes of catchment 87, it is likely that the velocity of transported sediment
from the catchment is slower than sediment from, for example, catchment 60.
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Additionally, given that drainage area of catchment 87 is fairly large, the lengths of
connected flow paths are likely longer than other catchments shown in Fig. 6.
Surprisingly, we find that variability of 𝑃𝑃(𝜏𝜏) is relatively minimal in a single

catchment between events. Specifically, we find that the peak probability of timing
generally aligns between events of a single catchment in Fig. 6. For example, the maximum
frequency of connected cells occurs at approximately 0.08 hours in catchment 60,
regardless of the event. One explanation for this result is related to sediment pathways that
are most sensitive to hydrologic activity. We find that sensitive connected pathways
establish a stencil for the probability of timing given that they are reconnected during the
majority of hydrologic events. This frequency distribution is slightly altered during larger
storm events; however, given that sensitive pathways are reconnected during hydrologic
events of increasing magnitude, the frequency stencil from these pathways forms the
foundation of frequency distributions of increasing magnitude.
We parameterized probability distribution functions for the frequency distributions
shown in Fig. 6 which statistically corroborated the timing dependence on structural and
functional watershed properties. The 𝑃𝑃(𝜏𝜏) frequency distribution converges to days with

higher percentage connectivity regardless of watershed size and configuration in the Upper
South Elkhorn watershed, highlighting dependence of the probability of timing on
functional watershed characteristics. We found that three-parameter log-logistic functions
(scale, shape, and location parameters) generally fit frequency distributions for all
catchments and events shown in Fig. 6. We found that scale, shape, and location parameters
describing the probability distribution functions varied from catchment to catchment
showing statistical support for the dependence of timing on structural watershed properties.
However, in general the same scale, shape, and location parameters from the event with
greatest connectivity (day 72) could be used to describe the log-logistic function for smaller
events within a catchment. We used the Kolmogorov-Smirnov test to assess whether
samples from the frequency distribution could be described with the parameters from the
log-logistic functions from day 72 at a significance level of 0.05. The null hypothesis was
not rejected for most of the catchments, statistically supporting the lack of dependence of
the probability of timing on functional variability of the systems. The null hypothesis was
only rejected for catchment 87, which was located in the southern portion of the watershed
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where less connectivity existed. Table 5 shows values for scale, shape, and location
parameters for the log-logistic functions parameterized for probability of timing frequency
distributions and whether the null hypothesis was rejected based on the KolmogorovSmirnov test. In future research, the log-logistic probability distribution may be a good fit
for the probability of timing given its previous use in hydrologic modeling and because it
can be solved analytically (Shoukri et al., 1988; Ashkar and Mahdi, 2006).
The probability of connected timing depends predominantly on structural
connectivity and little variance is explained by functional connectivity. To our knowledge,
this idea has not been discussed in connectivity literature. We find that the travel time of
sensitive connected pathways establishes the stencil for the probability of timing given
these cells are reconnected during the majority of hydrologic events. Our statistical analysis
highlighting common parameterization of log-logistic probability distribution functions
between hydrologic events for individual catchments further corroborates this analysis.
This result is likely a consequence of the fine temporal scale implemented herein to analyze
connectivity, which highlights the sub-event temporal variability of connectivity in the
Upper South Elkhorn watershed. The idea of effective timescales of connectivity has been
discussed in the connectivity literature for at least the last 20 years (Harvey, 2002; Fryirs,
2013), however, we find that few studies analyze connectivity at the sub-event temporal
scale that is presented in this work. We find that as timescales increase, the probability of
timing tends towards unity, which is consistent with connectivity literature (Fryirs, 2013;
Ali et al., 2018). We emphasize the importance of coupling the probability of connectivity
and probability of timing simulations at high spatial and temporal resolutions given that
we would not have been able to identify hotspots and hot-moments of sediment
connectivity and transport otherwise. Research from Gran and Czuba (2017) generally
corroborates this idea on a larger spatial and temporal scale, given that they found network
structure must be taken into consideration in order to assess the temporal evolution of
sediment pulses in river networks. Network structure was determined to be especially
important given its control on instream transport capacity which influenced the
bottlenecking of sediment pulses.
Results from the 𝑃𝑃(𝜏𝜏) simulations reflect recent sentiment from connectivity

literature that indicates sediment flux is an implicit proxy of sediment connectivity (e.g.,
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Czuba and Foufoula-Georgiou, 2014; Masselink et al., 2016; Ali et al., 2018; Wohl et al.,
2019). Such studies indicate that peak sediment flux, as measured at the outlet of a
catchment or watershed, implicitly represents the moment during an event when the
greatest sediment connectivity occurs. For example, findings from the Lagrangian
connectivity simulations completed by Czuba and Foufoula-Georgiou (2014) and Gran and
Czuba (2017) highlight that peak connectivity and flux coincide. In their studies, hotspots
of connectivity occur when clusters of parcels are in close proximity, which conceptually
represents the peak sediment flux in a reach. In our study, we find that peak 𝑃𝑃(𝜏𝜏) is

representative of the time when the majority of upland spatial units are connected to the
catchment outlet (see Fig. 6). If assuming a unit parcel delivery, similar to the approach of
Czuba and Foufoula-Georgiou (2014) and Gran and Czuba (2017), then peak 𝑃𝑃(𝜏𝜏) also

coincides with peak connectivity and flux in the catchment. In this sense, explicit

simulation of 𝑃𝑃(𝜏𝜏) and delivery integrates pathways to simulate sediment flux, and
corroborates the sentiment of researchers that peak flux and connectivity coincide (e.g.,

Czuba and Foufoula-Georgiou, 2014; Masselink et al., 2016; Ali et al., 2018; Wohl et al.,
2019).

3.5.3 Comparison of the probability of connectivity and index of connectivity
We validate spatial patterns from our probability of connectivity approach by
comparing our results with spatial results calculated using the widely implemented Index
of Connectivity, or IC (Borselli et al., 2008; Cavalli et al., 2013; see Supplementary
Material).

We calculated the IC for the Upper South Elkhorn watershed using the

SedInConnect tool developed by Crema and Cavalli (2018). We justify using the IC to
validate the spatial results of the model because of its wide applicability in the connectivity
literature and its ability to represent structural connectivity (see Borselli et al., 2008;
Cavalli et al., 2013; Messenzehl et al., 2014; Cavalli et al., 2016; Gay et al., 2015; LopezVicente et al., 2016; Nicoll and Brierly, 2017; Kalantari et al., 2017; Heckmann et al., 2018;
Mishra et al., 2019). We compared IC results with probability of connectivity results for
the events and catchments studied in the Upper South Elkhorn.
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We find IC results compare especially well with the connected pathways identified
from our probability of connectivity approach for high magnitude hydrologic events (see
Fig. 5). IC results are shown in Fig. 7 for the five catchments previously presented (see
Fig. 5), and IC results include the full range of IC and a subset of the range corresponding
to the percentage of cells connected during the hydrologic event with the greatest
connectivity, i.e., event 72. For example, column (a) in Fig. 7 shows catchment 1 results
for event 72 and includes: (1) 𝑃𝑃(𝐶𝐶) results with 38% connectivity for catchment 1; (2) IC

results for the range corresponding to the top 38% of IC values for catchment 1 during
event 72; and (3) the full range of IC results for catchment 1. As shown in the figure,

spatial patterns of connectivity shown by the 𝑃𝑃(𝐶𝐶) model match well with the IC results.

For example, in catchment 1 (see Fig. 7a), both 𝑃𝑃(𝐶𝐶) and IC identify higher proportions of
connectivity in the western part of the catchment near the pour point, due to steep slopes

on either side of the road network running laterally through the catchment; and
disconnectivity in the eastern portions of the catchment where flat slopes coincide. As

another example, 𝑃𝑃(𝐶𝐶) and IC results for catchment 3 (see Fig. 7c) both identify the strong
presence of connectivity in the western portion of the catchment due to steep hillslopes
locally on either side of the stream network; and large amounts of disconnectivity in the
eastern portion of the catchment, which was identified during field reconnaissance as a
floodplain that buffers sediment from entering the stream network. As a third example,
𝑃𝑃(𝐶𝐶) and IC results for catchment 87 (see Fig. 7e) both identify sparse connectivity
throughout the watershed. We find that spatial patterns of connectivity identified in both
sets of results correspond to roadside ditches and concentrated flow pathways.

Similarity of spatial patterns of connectivity identified during the most connected
day by 𝑃𝑃(𝐶𝐶) and IC qualitatively validates 𝑃𝑃(𝐶𝐶) results presented herein. The reason
suggested for the good comparison on the most connected day of the study year is that as

𝑃𝑃(𝐶𝐶) values increase, control of connectivity shifts from functional connectivity to

structural connectivity (Mahoney, 2017; Mahoney et al., 2018; Mahoney et al., 2019; Wohl
et al., 2019). IC is primarily a function of structural watershed properties (Borselli et al.,

2008; Cavalli et al., 2013; Nicoll and Brierley, 2017), and therefore the methods match
well when structural connectivity controls 𝑃𝑃(𝐶𝐶).
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On the contrary, 𝑃𝑃(𝐶𝐶) results and IC results show substantial differences for

catchments in the Upper South Elkhorn during events of lesser magnitude, such as

associated with low- or moderate-hydrologic events. In general, our comparison showed

spatial patterns of connectivity identified with 𝑃𝑃(𝐶𝐶) are distributed in the catchment and
occur on steep slopes with high contributing areas (structural connectivity) where fluvial

detachment (e.g., 𝑃𝑃(𝐷𝐷𝐻𝐻 ), functional connectivity) and transport (e.g., 𝑃𝑃(𝑇𝑇𝐻𝐻 𝑢𝑢𝑢𝑢 ), functional
connectivity) of sediment are most likely to occur due to high predicted runoff and soil
moisture content. Conversely, IC values are highest in cells in close proximity to the
catchment pour point with steep slopes and large upstream contributing area, which are
structural watershed properties. For example, Fig. 8 for catchment 1 during event 2 shows
high spatial connectivity predicted by 𝑃𝑃(𝐶𝐶) in the central part of the catchment where flow

accumulates in swales promoting hydrologic detachment of sediment and on slopes with
high soil moisture content where hydrologic transport is possible. These areas are
coincident with areas of highest accumulated runoff and highest soil moisture content
during the event, as predicted by hydrologic simulations capturing functional processes.
Highest IC values occur near the catchment outlet where stream power (e.g., slope and
upstream contributing area) is the highest. Variability in 𝑃𝑃(𝐶𝐶) results and IC results is
attributed to several fundamental differences in the formula for 𝑃𝑃(𝐶𝐶) modelling and IC.
𝑃𝑃(𝐶𝐶) is dependent upon both structural connectivity and functional connectivity whereas

IC is primarily a function of structural connectivity (Borselli et al., 2008; Nicoll and
Brierley, 2017; Mahoney et al., 2018). In this regard, IC identifies pathways with the
highest stream power within proximity to the watershed outlet, but does not consider event
to event hydrologic variability. 𝑃𝑃(𝐶𝐶), on the other hand, can be limited by supply, transport,
or shear stress, which comprise of both structural and functional variables.

Our comparison provides some validation of P(C) since P(C) and IC match well

during high magnitude events, and also highlights the ability of P(C) to capture functional
connectivity in the basin. Also, results suggest P(C) may be well suited for identification
of sediment source areas and active transport pathways during smaller events when shear
stress (functional) and transport capacity (functional) limit overall 𝑃𝑃(𝐶𝐶). In this manner,
our probability of connectivity model provides one approach to work towards connectivity
tools that capture hydrologic forcings and functional connectivity, which has been
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highlighted as a research need recently by a number of scientists (Gay et al., 2015; Chartin
et al., 2017; Hooke et al., 2017; Kalantari et al., 2017; Nicoll and Brierley 2017).
The comparison of P(C) and IC also adds to an on-going discussion surrounding
the evolution of the IC approach and its parameterization to capture functional processes.
The utility of the IC to qualitatively assess catchment-wide connectivity is noteworthy,
especially considering we were able to relatively quickly simulate connectivity with the
SedInConnect tool (Crema and Cavalli, 2018) for the entire Upper South Elkhorn in a
matter of hours to one day. On the other hand, the computational complexity of P(C) (see
discussion of computational complexity in Heckman et al., 2018) required many weeks for
simulation time. However, simulation of the IC may need modification to better represent
functional connectivity, in some cases. For example, Nicoll and Brierley (2017) found that
static elements of connectivity represented with the effective catchment area simulation
(sensu Fryirs et al., 2007) generally agreed with IC results, but that localized variability of
connectivity due to hydrologic forcings, as identified by field reconnaissance and remote
sensing, were uncaptured by the IC (Nicoll and Brierley 2017). Nicoll and Brierley (2017)
posit that such shortcomings are generally related to the IC’s heavy reliance upon
geomorphometrics to assess connectivity, which can misrepresent functional processes at
localized scales. Nicoll and Brierley (2017) suggest that physical significance of IC values
might be established by supplementing IC with magnitude-frequency analyses of sediment
transport processes.
Other researchers have suggested to modify parameterization of the IC weighting
factor (𝑊𝑊), using functional watershed characteristics (e.g., Chartin et al., 2017; Hooke et
al., 2017; Kalantari et al., 2017) or the explicit representation of functional connectivity
(e.g., Gay et al., 2015), where 𝑊𝑊 is representative of sediment flux impedance (Crema and

Cavalli 2017, see Supplementary Material). In this study, we use the probabilities of
detachment and transport to simulate functional connectivity, which are functionally
dependent on temporally variable runoff and soil moisture content. Perhaps aspects of our
approach may assist with defining the weighting factor. Related, sentiment from recent
literature suggests IC can be used to simulate functional connectivity at the catchment scale
when linked with a threshold (see Lopez-Vicente et al., 2015; Neurig et al., 2016;
Heckmann et al., 2018). We applied a threshold to the IC to compare connectivity across
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events, but IC and P(C) were poorly correlated during the lesser magnitude events. While
ground-truthing was limited, the P(C) results were more physically plausible based on our
field reconnaissance. Perhaps further parameterization of W by our method or the method
of others could further modify IC results for moderate hydrologic events. It seems that
approaches to parameterize IC to reflect both structural and functional connectivity remains
an open topic. Magnitude-frequency analyses, parameterizing the IC weighting factor, and
incorporating formula for the probability of connectivity are all future research avenues
that might help complete this goal.

3.6 CONCLUSION
The conclusion of Part I of these two-part companion papers is as follows:
1. Theoretical development showed combining connectivity’s magnitude, spatial
extent (i.e., spatial patterns), timing and continuity provide a holistic representation
of sediment connectivity. Simulation for catchments shows spatial and temporal
explicit results for sediment connectivity when using the new formulation.
2. Results show the spatial extent (i.e., spatial patterns) of connectivity depends on
both structural and functional characteristics of the catchments. Specifically, spatial
connectivity changes from catchment-to-catchment as a function of soil type and
drainage area; and spatial connectivity varies from event-to-event as a function of
runoff depth and soil moisture conditions. Notably, the most sensitive connected
pathways provide the stencil for the probability of connectivity. Comparison of
connectivity across events show pathways connected from smaller hydrologic
events are consistently reconnected and built upon during larger hydrologic events.
3. Surprisingly, we find that the timing of connectivity during an event, as simulated
with the probability of timing, only depends on structural characteristics of the
watershed, such as the size and watershed morphology. The timing of connectivity
does not statistically depend on functional characteristics, which relaxes the
parameterization across events of different magnitudes. This result occurs because
the sensitive connected pathways identified by probability of connectivity
simulations form a stencil representing the timing frequency distribution. The
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pathway stencil accumulates sediment from adjacent soils as flow intensity
increases, but this does not statistically shift the frequency distribution.
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3.8 SUPPLEMENTARY MATERIAL: EQUATIONS AND SOFTWARE FOR THE
INDEX OF CONNECTIVITY (IC)
The IC is a representation of the effect of topography and land cover on sediment
connectivity (Borselli et al., 2008; Heckmann et al., 2018) and accounts for both upstream
and downstream sediment connectivity. The IC is formulated as:
𝐷𝐷𝑢𝑢𝑢𝑢

(A.1)

𝐼𝐼𝐼𝐼 = 𝑙𝑙𝑙𝑙𝑔𝑔10 �𝐷𝐷 �
𝑑𝑑𝑑𝑑

� 𝑆𝑆̅ √𝐴𝐴
𝐷𝐷𝑢𝑢𝑢𝑢 = 𝑊𝑊

(A.2)

𝑑𝑑

(A.3)

𝐷𝐷𝑑𝑑𝑑𝑑 = ∑𝑖𝑖 𝑊𝑊 𝑖𝑖𝑆𝑆

𝑖𝑖 𝑖𝑖

where 𝐼𝐼𝐼𝐼 is the Index of Connectivity with range from [−∞, ∞], 𝐷𝐷𝑢𝑢𝑢𝑢 and 𝐷𝐷𝑑𝑑𝑑𝑑 are the
� is the average weighting factor of
upslope and downslope components of connectivity, 𝑊𝑊

the upslope contributing area, 𝑆𝑆̅ is the average slope gradient of the upslope contributing
area (m m-1), and 𝐴𝐴 is the upslope contributing area (m2), 𝑑𝑑 is the length of the flowpath

along the 𝑖𝑖 𝑡𝑡ℎ cell in the steepest downstream direction (m), 𝑊𝑊𝑖𝑖 and 𝑆𝑆𝑖𝑖 are the weighting
factor and the slope gradient of the 𝑖𝑖 𝑡𝑡ℎ cell. More negative IC values are conceptualized as

being “less connected” than more positive IC values (Borselli et al., 2008). Inputs to the
SedInConnect tool include a high-resolution (1.5 m by 1.5 m) DEM. We parameterize the
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weighting factor using methods described in Cavalli et al., (2013). The target of the IC
simulation was the South Elkhorn stream network. Thus, the IC represents the potential
connectivity from the uplands to the stream network.
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Table 3.1. Geospatial data used to simulate connectivity and sediment flux
Data Type
Digital Elevation Model
Land Use/Land Cover
Sink Hole Drainage Area
Hydrologic Simulation
Soil Type

Resolution
1.5 m x 1.5 m
10 m x 10 m
1.5 m x 1.5 m
1.5 m x 1.5 m
1:250,000; 1:12,000
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Source
KYAPED (2014)
2006 National Land Cover Database
KGS (2017)
Mahoney et al. (2018)
STATSGO; SSURGO NRCS (2006)

Table 3.2. Darcy-Weisbach K, Manning n, and SCS a coefficients used to parameterize
overland velocity estimates (Ponce, 1989; Haan et al., 1994; McCuen, 1998, Grimaldi et
al., 2010).
Land Use Land Cover
Agro-forestry areas
Airports
Barren Lands
Coniferous Forest
Construction Sites
Cultivated Crops
Industrial or commercial Area
Mixed Forest
Pastures
Rock Outcrop
Urban-Residential Area
Woodland Shrub/Scrub

Darcy-Weisbach K
15000
1000
10000
20000
1000
15000
1000
20000
15000
2000
1000
15000
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Manning n
0.3
0.05
0.13
0.6
0.05
0.25
0.03
0.6
0.25
0.1
0.05
0.25

SCS a
2.59
2.96
2.59
.073
2.96
2.59
2.96
0.73
2.59
2.96
2.96
2.59

Table 3.3. Structural properties of five catchments in the Upper South Elkhorn Watershed.
Catch- Area Avg. Slope Land Use/Land Cover (NLCD) Average Soil Content (NRCS, 2006)
ment (km2)

(m/m)

Developed Agriculture Forest

Sand

Silt

Clay

1

1.10

0.09

49.0%

32.8%

18.2%

6.6%

68.3%

25.2%

2

0.05

0.13

1.6%

17.7%

80.6%

6.4%

66.8%

26.8%

3

0.21

0.08

51.2%

40.9%

7.9%

6.0%

66.9%

27.2%

60

0.06

0.11

0.0%

59.7%

40.3%

7.1%

65.9%

27.0%

87

2.10

0.06

74.3%

14.9%

10.8%

9.6%

66.5%

23.9%
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Table 3.4. Hydrologic properties of analyzed events.
Event

Date
P(C)
P (mm)
Duration (hr) I (mm hr-1)
2 1/2/2006
2%
12
2
72 3/13/2006
12%
22
7
97 4/7/2006
7%
15
3
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6.0
3.1
5.1

Table 3.5. Log-logistic parameter values for probability of timing frequency distributions
for catchments located throughout the Upper South Elkhorn watershed for three events.
Results of the Kolmogorov-Smirnov test for the parameterization are shown with
confidence of 0.05. 𝛂𝛂 is the log-logistic scale parameter, 𝜷𝜷 is the shape parameter, and 𝜸𝜸
is the location parameter.
Catchment
1

2

4

60

87

Day
2
72
87
2
72
87
2
72
87
2
72
87
2
72
87

α
2.03
2.03
2.03
2.29
2.29
2.29
14.80
14.80
14.80
1.85
1.85
1.85
1.80
1.80
1.80

β
0.30
0.30
0.30
0.12
0.12
0.12
0.52
0.52
0.52
0.06
0.06
0.06
0.40
0.40
0.40
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γ
-0.03
-0.03
-0.03
-0.02
-0.02
-0.02
-0.41
-0.41
-0.41
0.00
0.00
0.00
0.01
0.01
0.01

Reject H0?
(α = 0.05)
No
No
No
No
No
No
No
No
No
No
No
No
Yes
No
Yes

Figure 3.1. Upper South Elkhorn watershed (61.7 km2). The watershed’s location within
the Kentucky River basin in Kentucky, USA is shown. Delineation of catchments within
the Upper South Elkhorn was completed based on field reconnaissance of instream
(dis)connectivity. USGS Gage 03289000 and the University of Kentucky South Elkhorn
sensor station are located at the watershed outlet.
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Figure 3.2. (a) Digital elevation model of Upper South Elkhorn watershed; (b) watershed slope (m m-1); (c) land use (55%
agricultural and forest; 45% urban land); (d) watershed lithology (primarily fossiliferous limestone with interbedded shale);
(e) watershed soil (primarily silt-loams; see symbol key in USDA-NRCS Soil Survey, 2006).
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Figure 3.3. Probability-based model of sediment connectivity adapted from Mahoney et
al. (2018). 𝑃𝑃(𝐶𝐶) represents the spatial patterns of connectivity.
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Figure 3.4. 𝑷𝑷(𝝉𝝉) simulation framework for sediment timing. Outputs of the 𝑷𝑷(𝝉𝝉)

framework provide the spatial distribution of travel time for connected pathways and the
frequency distribution of travel times.
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Figure 3.5. Probability of sediment connectivity results for three events in the Upper South Elkhorn watershed.
Probability of connectivity is presented for five catchments of varying sizes: (a) catchment 1 (1.095 km2), (b) catchment
2 (0.050 km2), (c) catchment 3 (0.213 km2), (d) catchment 60 (0.061 km2), and (e) catchment 87 (2.102 km2). The DEM
for each catchment is also shown. We record structural properties of each catchment including, average slope, land use,
and average soil content in Table 3. Results indicate that the probability of connectivity varies from catchment to
catchment and from event to event, highlighting the probability of connectivity’s dependence on structural and
functional watershed properties
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Figure 3.6. Probability of sediment timing results for three events in the Upper South Elkhorn watershed. Probability of
timing is presented for five catchments of varying sizes throughout the Upper South Elkhorn watershed: (a) catchment 1
(1.095 km2), (b) catchment 2 (0.050 km2), (c) catchment 3 (0.213 km2), (d) catchment 60 (0.061 km2), and (e) catchment
87 (2.102 km2). The probability of timing frequency distribution converges to days with higher percentage connectivity
regardless of watershed size and configuration in the Upper South Elkhorn watershed, highlighting dependence of the
probability of timing on functional watershed characteristics.
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Figure 3.7. 𝑷𝑷(𝑪𝑪) results for the most connected day of the initial study period (Day 72) compared to IC simulations
(Borselli et al., 2008; Cavalli et al., 2013) using the SedInConnect tool (Crema and Cavalli et al., 2018). We present a
subset of IC that corresponds to the percentage of land predicted to be connected by the 𝑃𝑃(𝐶𝐶) model to compare IC and

𝑃𝑃(𝐶𝐶) results. Generally, we find 𝑃𝑃(𝐶𝐶) and IC qualitatively agree during the most connected day of the initial study
period. We present results for the five catchments shown in Fig. 5 including: (a) catchment 1; (b) catchment 2; (c)
catchment 3; (d) catchment 60; and (e) catchment 87.
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Figure 3.8. (a) 𝑃𝑃(𝐶𝐶) and (b) IC results for catchment 1 during event 2. 𝑃𝑃(𝐶𝐶) in catchment
1 is equal to 8.0%. The highest 8% of IC values are shown for comparison purposes to

𝑃𝑃(𝐶𝐶) results. We find poor correlation between IC and 𝑃𝑃(𝐶𝐶) during small hydrologic
events, which perhaps is related to 𝑃𝑃(𝐶𝐶) being representative of both structural and
functional connectivity whereas IC is a primarily a function of structural connectivity.
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Chapter 4. Integrating Connectivity Theory within Watershed Modelling Part II:
Application and Evaluating Structural and Functional Connectivity
4.0 ABSTRACT
Integrating connectivity theory within watershed modelling is one solution to
overcome spatial and temporal shortcomings of sediment transport prediction, and Part I
and II of these companion papers advance this overall goal. In Part II of these companion
papers, we investigate sediment flux via connectivity formula discretized over many
catchments and then integrated via sediment routing; and we advance model evaluation
technology by using hysteresis of sensor data. Model evaluation with hysteresis indices
provides nearly a one hundred percent increase in model statistics. Hysteresis loop
evaluation shows a shift from near linear behavior at low to moderate events and then
clock-wise loops for larger events indicating the importance of proximal sediment sources.
Catchment-scale sediment flux varies as function of the probability of timing and extent of
connectivity of an individual catchment. Watershed-scale sediment flux shows selfsimilarity for the main stem of the river channel as the 181 catchments are integrated
moving down gradient. Sediment flux varies from event-to-event as a function of the most
sensitive connected pathways, including ephemeral gullies and roadside ditches in this
basin. These sensitive pathways contribute disproportionately large amounts to overall
sediment yield regardless of the total rainfall depth. Prediction requires the connectivity
formula, erosion formula and sediment routing formula; and the probability of connectivity
alone was a poor predictor for sediment transport. The result highlights the importance of
coupling connectivity simulations with sediment transport formula, and our method
provides one such approach.
4.1 INTRODUCTION
Integrating connectivity theory within watershed modelling frameworks is one
solution to overcome current spatial and temporal shortcomings of watershed sediment
modelling (e.g., Ali et al., 2018; Mahoney et al., 2018; Ricci et al., 2018). Part I and II of
these companion papers advance this overall goal. In Part I, we showed the theoretical
formula for comprehensive connectivity and investigate timing of connectivity (see Part I
of these companion papers, Mahoney et al., 2020). In Part II of these companion papers
(this paper), we investigate the spatially and temporally explicit behavior of sediment flux
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when connectivity formula is differentiated across many catchments and then modelled
sediment flux is integrated via sediment routing. Specifically in Part II, we (1) advance
modelling of sediment connectivity and sediment routing for the watershed-scaling, (2)
advance understanding of the most sensitive connected pathways and their impact on
sediment flux, and (3) advance model evaluation technology by using hysteresis of sensor
data to assist with quantitative model evaluation.
In Part II of these companion papers, the advancement of modelling for watershedscale connectivity and results of the net impact of the most sensitive connected pathways
on sediment flux build off of theory and methods in Part I of these companion papers
(Mahoney et al., 2020).

The theoretical development in Part I showed sediment

connectivity modelling should consider magnitude, spatial extent, timing and continuity of
connectivity because together they can predict the most sensitive connected pathways
across the landscape. However, the net impact on sediment results in a river require
discretizing the connectivity formula to predict sediment flux for catchments and
performing sediment routing to predict sediment flux in the river. Performing watershed
modelling allows us to investigate how the sensitive connected pathways contribute to
sediment flux at catchment and watershed scales for storm events of different magnitudes.
One contribution unique only to Part II of these companion papers is we advance
model evaluation by using hysteresis of sensor data to help calibrate our watershed model.
To our knowledge, using hysteresis to evaluation watershed models is rarely, if ever, been
reported in the literature. The reason for lack of hysteresis evaluation is data-driven sensing
technology has outpaced the existing structure and simulation capabilities of watershed
models (Nunes et al., 2017). However, coupling sediment connectivity within watershed
modelling simulates explicit pathways of sediment transport and timing of sediment
transport using highly resolved topographic data (e.g., 1.5 meter DEMs) resulting in minute
temporal resolution results. These model results are ripe for evaluating the structural and
functional behavior of the model using methods such as hysteresis. Hysteresis loops (e.g.,
Williams, 1989; Evans and Davies, 1998) plot normalized sediment concentration versus
normalized flowrate and have traditionally been used to assess timing of sediment sources.
For example, hysteresis loop direction (e.g., clock-wise or anti-clockwise) is indicative of
the connected timing of proximal or distal sediment sources, respectively (Evans and
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Davies, 1998; Sherriff et al., 2016; Clare, 2019). Hysteresis analyses explain implicitly the
spatiotemporal nature of sediment connectivity from an Eulerian perspective. We argue
incorporating hysteresis, both qualitatively and quantitatively, with traditional watershed
model evaluation metrics (e.g., Nash-Sutcliffe efficiency and percent bias; Moriasi et al.,
2007) serves as an improved evaluation approach; and this approach is tested herein. The
hysteresis evaluation is made possible using high resolution, continuous sensor
measurements, which have become more and more common in river and watershed studies
(Shoda et al., 2015; Pellerin et al., 2016).
Our objectives in this paper were to (1) carry out coupled modelling of sediment
connectivity, sediment routing, sediment flux and yield catchment and watershed scales,
(2) use hysteresis of sensor data to assist with quantitative model evaluation, and (3)
analyze the sensitivity and connectivity of pathways and their impact on sediment flux and
yield in the gently rolling watershed setting.
4.2 STUDY SITE
We applied the connectivity model to the gently-rolling Upper South Elkhorn
watershed (61.7 km2) in Kentucky, USA, and the watershed is fully described in Part I of
these companion papers (Mahoney et al., 2020). Some brief additional comments are
described here. We emphasize the gently-rolling nature of the Upper South Elkhorn
watershed given that this type of morphology prompts well-dissected, mildly sloping
surfaces that cause sediment connectivity in ephemeral gullies and analogous accumulated
flow pathways throughout the uplands (McGrain, 1983; Mahoney et al., 2018). Sediment
transport in the region is predominantly fluvial-mediated, and non-hydrology detachment
and transport of sediment (e.g., mass wasting; Aeolian transport) is minimal (Russo and
Fox, 2012, Mahoney et al., 2018). The watershed has historically been well-monitored by
the University of Kentucky, the United States Geological Survey (USGS), and the National
Oceanic and Atmospheric Administration (NOAA). For detailed description of the study
site, we refer the reader to Part I of these companion papers (Mahoney et al., 2020).

4.3 METHODS
4.3.1 Watershed model formulation using sediment connectivity
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The watershed model formulation couples catchment modelling using connectivity
and sediment routing through the stream network. Catchment sediment flux is modelled
as:
̇ = 𝐺𝐺𝑖𝑖𝑖𝑖 �𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 ∩ 𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 ∩ 𝑃𝑃(𝛾𝛾)𝑖𝑖𝑖𝑖 � ,
𝑚𝑚𝚤𝚤𝚤𝚤

(1)

where 𝑚𝑚̇ is the flux of material with dimensions of mass per time, 𝐺𝐺 is the mass per time
sediment generation rate in a landscape unit, 𝑃𝑃(𝐶𝐶) is the probability of sediment

connectivity representing connectivity’s spatial extent, 𝑃𝑃(𝜏𝜏) is the probability of sediment
timing representing the amount of time it likely takes for the sediment to reach the stream

network, and 𝑃𝑃(𝛾𝛾) is the probability of sediment (dis)continuity representing continuity of

connectivity along the transport pathway, 𝑗𝑗 is the fundamental spatial unit where

connectivity and flux occur and 𝑖𝑖 is the fundamental temporal unit when connectivity and
flux occur. The fundamental spatial unit of this study is a 1.5 m by 1.5 m DEM cell. This

resolution has been identified to capture important morphologic features influencing
connectivity and sediment transport (Cantreul et al., 2017; Lopez-Vicente and Alvarez,
2018; Mahoney et al., 2018).
Sediment flux at the catchment outlet during timestep i is calculated by integrating
Eq. 1 across catchment surfaces as:
̇ = ∫ 𝐺𝐺𝑖𝑖𝑖𝑖 �𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 ∩ 𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 ∩ 𝑃𝑃(𝛾𝛾)𝑖𝑖𝑖𝑖 �𝑑𝑑𝑠𝑠𝑘𝑘 ,
𝑚𝑚𝚤𝚤𝚤𝚤

(2)

where 𝑚𝑚𝚤𝚤𝚤𝚤
̇ is sediment flux (kg s-1) at the outlet of catchment k during time step i and 𝑠𝑠𝑘𝑘 is
the surface of catchment k. Mathematically Eq. 2 can be expressed by writing the
probabilistic intersections algebraically and with spatial or time averaging some terms as:

������� ∙ 𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝛾𝛾)
������𝑘𝑘 𝑑𝑑𝑠𝑠𝑘𝑘 .
𝑚𝑚𝚤𝚤𝚤𝚤
̇ = ∫ 𝐺𝐺̿ ∙ 𝑃𝑃(𝐶𝐶)

(3)

where 𝐺𝐺̿ is the spatially and temporally averaged erosion rate over the watershed during an

������� is the spatially and temporally averaged probability of connectivity
event (kg s-1 m-2), 𝑃𝑃(𝐶𝐶)
during an event (dimensionless), 𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 is the probability of sediment timing which is

������ is the probability of sediment
explicit in space and time (dimensionless), and 𝑃𝑃(𝛾𝛾)

(dis)continuity, which is averaged temporally for an event but varies from catchment to
𝑡𝑡

catchment. By expanding 𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 using the ∫𝑡𝑡 𝑖𝑖+1 𝑓𝑓(𝑡𝑡) 𝑑𝑑𝑑𝑑 (see Part I of these companion
𝑖𝑖

papers, Mahoney et al., 2020) and numerically approximating the integral, Eq. 3 can
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calculate the spatial and continuous nature of sediment flux generated from each catchment
in the watershed as:
������� ∙ ��������
𝑚𝑚𝚤𝚤𝚤𝚤 ̇(𝑡𝑡) = 𝐺𝐺̿ ∙ 𝑃𝑃(𝐶𝐶)
𝑃𝑃(𝛾𝛾)𝑘𝑘 ∙ ∑𝑖𝑖𝑖𝑖+1 𝑓𝑓(𝑡𝑡) ∙ 𝑠𝑠𝑘𝑘 .

(4)

Additional terms in Eq. 4 are formulated considering process-based connectivity

formula and empirical coefficients and fitting, as needed. Equations for 𝑃𝑃(𝐶𝐶) were

presented previously as were the potential variables impacting 𝑃𝑃(𝛾𝛾) (Mahoney et al., 2018;
Part I of these companion papers, Mahoney et al., 2020). 𝑃𝑃(𝛾𝛾) is the longitudinal

(dis)continuity from the catchment outlet to the watershed outlet and is formulated
recognizing continuity decreases as distance to the catchment outlet increases (e.g.,

Borselli et al., 2008; Cavalli et al., 2013; Bracken et al., 2015). We formulate 𝑃𝑃(𝛾𝛾) as a
first-order decay function as:

𝑃𝑃(𝛾𝛾) = 𝛼𝛼𝑒𝑒 −𝜆𝜆∙𝐿𝐿

(5)

where 𝑃𝑃(𝛾𝛾) varies between zero and one to indicate full discontinuity or full continuity,
respectively, 𝛼𝛼 is the initial connectivity at the catchment outlet, 𝜆𝜆 the discontinuity loss

rate (m-1), and 𝐿𝐿 is the length of the flow path (m). We represent the length of the flowpath

using the stream distance from the catchment outlet to the watershed outlet in Eq. 5 because

𝑃𝑃(𝛾𝛾) is parameterized here to represent longitudinal discontinuity due to instream
processes (e.g., Fryirs, 2013). 𝜆𝜆 is a calibration parameter during model evaluation to

account for variables not included in the current parameterization of 𝑃𝑃(𝛾𝛾) (see discussion

of Eq. 4 in Part I of these companion papers, Mahoney et al., 2020). 𝐺𝐺 is formulated by
investigating the functional relationship as:
𝐺𝐺 = 𝑓𝑓�𝑄𝑄𝑅𝑅 , 𝐻𝐻𝑏𝑏𝑏𝑏 , 𝐼𝐼, 𝐶𝐶𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 , 𝑃𝑃(𝐶𝐶)� ,

(6)

where 𝑄𝑄𝑅𝑅 is the overland runoff depth (m), 𝐻𝐻 𝑏𝑏𝑏𝑏 is the peak baseflow contribution to
streamflow, I is rainfall intensity (mm hr-1), and 𝐶𝐶𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the daily curve number and

varies based on daily soil moisture (dimensionless). We suggest parameterizing 𝐺𝐺 with
variables included in Eq. 6 to predict erosion rate because: 𝑄𝑄𝑅𝑅 and 𝐻𝐻𝑏𝑏𝑏𝑏 capture fluvial
shear to detach sediment (e.g., Jain, 2001); I captures detachment from rain drop impact

(e.g., Toy et al., 2002); 𝐶𝐶𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 captures antecedent moisture conditions and estimates the
critical slope at which rill and ephemeral gully erosion begin (Torri and Poesen, 2014); and
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𝑃𝑃(𝐶𝐶) accounts for the spatial variation of soil properties and integrates erosive intensity of
the fluid.

The watershed model routes sediment transport from the outlet of catchments

through the stream network to the watershed outlet following a continuity approach. We
formulated sediment continuity following the methods for low gradient streams with
cohesive banks applied previously in this region (Russo and Fox, 2012; Mahoney et al.,
2019). The sediment flux, Qss, is calculated as:
𝑗𝑗
𝑆𝑆𝑆𝑆 1
𝑖𝑖+2

=
𝑄𝑄

𝑗𝑗
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+
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(9)

(10)

where 𝑆𝑆𝑆𝑆 is the mass of suspended sediment (kg); 𝑄𝑄 and 𝑄𝑄𝑠𝑠𝑠𝑠 denote water and sediment
discharge (m3 s-1 and kg s-1); in and out denote flux into or out of a model stream reach;
𝑘𝑘𝑠𝑠𝑠𝑠 is the sediment routing coefficient (dimensionless); 𝑉𝑉 is the volume of water (m3); 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠

is a sediment attenuation factor (dimensionless).
4.3.2 Model Application

We applied the watershed model using sediment connectivity to the South Elkhorn
watershed. Several materials were used to carry out analyses in Part II of these companion
papers. First, catchment sediment connectivity, as predicted in Part I of these companion
papers, were input to the model. Second, we used ArcGIS 10.4.1 to simulate 𝑃𝑃(𝜏𝜏) and

𝑃𝑃(𝐶𝐶) in each of the 181 catchments. We used ArcSWAT 2012.10.21 to simulate
hydrologic variables such as runoff and Daily Curve Number (a proxy of soil moisture
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content). We used MATLAB R2016b to route runoff and upland sediment flux using
compiled results from 𝑃𝑃(𝜏𝜏) and 𝑃𝑃(𝐶𝐶) simulations. We completed model evaluation using
MATLAB R2016b. All software was run on a desktop PC (Intel® CoreTM i7-6700 CPU at

3.40 GHz; 64-bit operating system, x64-based processor). Third, we used 15-minute
streamflow data from USGS station 03289000, NOAA weather data from the Bluegrass
Airport at the watershed’s geographic center, a high-resolution turbidity sensor (YSI 600

OMS with optical turbidity probe 6136) at the University of Kentucky South Elkhorn
Sensor Station, and total suspended solids (TSS) samples to monitor discharge and
sediment flux at the watershed outlet. We programmed turbidity sensors to collect data
every 15-minutes concurrent with USGS measurements. TSS samples were collected using
a Teledyne ISCO automated sampler over a 14-month period at 7-hour resolution and
compared to turbidity data to empirically relate TSS and turbidity. Sampled TSS values
ranged between 0.5 and 213.8 mg l-1. Corresponding turbidity measurements ranged
between 0.6 and 245.2 NTU. The coefficient of determination for TSS samples and
turbidity measurements was 0.86. A summary of data requirements for the model is
recorded in Table 1. We completed quality assurance/quality control of turbidity data by:
(1) running the time series through an automated program to flag questionable, suspect,
missing, and invalid data points; (2) visually assessing time series to correct instances of
observable drift; and (3) comparing other water quality constituents collected at the
University of Kentucky South Elkhorn Sensor Station with water quality constituents
measured by the USGS at the watershed outlet to ensure the time series coincided.
The watershed was divided into 181 catchments, and sediment transport was
predicted with 15-minute time steps. The space-time discretization satisfied the CFL
condition (Courant et al., 1967), and water and sediment sensor data was collected at 15minute resolution for evaluation. We applied the sediment model to 19 events between
September 2017 and February 2019 when sediment transport occurs. We used the 19 events
to calibrate and validate the model. The events chosen for model simulation fulfilled the
following criteria: (1) quasi-continuous discharge and sediment time series collected every
15-minutes existed for the duration of the event; (2) anomalous hydrologic activity was not
present; and (3) hydrologic properties of the watershed could be predicted for the time
period via field or physically-based estimates. Also, we chose hydrologic events that
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represented a variety of flow regimes. 2018 was an uncharacteristically wet year, and 2017
and 2019 were more normal years.
We specified model inputs and parameters using field measurements, estimates
with geospatial modelling and hydrologic modelling, and using literature ranges (see Table
2). We input bed roughness, longitudinal slope, channel bathymetry, and contributing area
of reaches with geospatial analyses in ArcMap version 10.4 and field reconnaissance in
2016 and 2017. We input the initial sediment concentration obtained from turbidity data
prior to the start of the event. We specified initiation and termination of storm events by
observing increases and decreases in discharge and turbidity data collected at the watershed
outlet following the approach of Sherriff et al. (2016). Additional inputs for 𝑃𝑃(𝐶𝐶) and 𝑃𝑃(𝜏𝜏)
are described in Part I of these companion papers (Mahoney et al., 2020). Parameterization
of 𝐺𝐺 in Eq. 6 was carried out by performing logarithmic transformation of all variables to

produce non-zero sediment transport predictions and carrying out multiple linear
regression (see coefficients in Table 2). 𝑄𝑄𝑅𝑅 and 𝐻𝐻 𝑏𝑏𝑏𝑏 were parameterized semi-empirically
by optimizing flowrate simulations and flowrate data collected from the USGS gage at the
watershed outlet.

I was input using NOAA rainfall gage data, and 𝐶𝐶𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 was

parameterized using hydrologic modelling from SWAT, as presented in Al-Aamery et al.
(2016) and Mahoney et al. (2018). During parameterization and later during calibration,
we grouped events to two hydrologic regimes including: events with watershed-averaged
overland runoff less than 0.5 mm were grouped to the lower regime; and events with
overland runoff greater than 0.5 mm were grouped to the upper regime. 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 , 𝜆𝜆 and 𝑘𝑘𝑠𝑠𝑠𝑠

ranges were parameterized separately for the sets of events, and these variables were fit
during model calibration. We parameterized a 𝑘𝑘𝑠𝑠𝑠𝑠 range using information regarding the
travel time between reaches and flood routing theory (e.g., Gupta, 2016; Mahoney et al.,

2019). We parameterized a 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 range based on knowledge of overland flow velocity in

the watershed (e.g., Russo and Fox, 2012; Mahoney et al., 2018) and was chosen such that

overland velocity of sediment is generally between 0.02 and 2 m s-1 (Grimaldi et al., 2010).

We parameterized a 𝜆𝜆 range to represent varying ranges of depositional patterns in the
watershed (Grant et al., 2017). We input Q for the 181 reaches by estimating runoff and
groundwater produced in catchments. We routed water through the stream network using
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the Muskingum-Cunge method and iteratively estimated runoff and groundwater
production such that simulated results matched well with observed discharge.
4.3.3 Model evaluation
We carried out model evaluation using three-stages of calibration and validation
(see Fig. 1). In the first stage, we evaluate performance of the connectivity model as
simulated using equations found in Mahoney et al. (2018) and in Part I of these companion
papers (Mahoney et al., 2020). Upon running the connectivity model, we qualitatively
compared simulated connected pathways to known connected pathways as identified by
remote sensing and field reconnaissance. We adjusted parameters of the 𝑃𝑃(𝐶𝐶) model until
the calibration was acceptable such that simulated connected pathways visually matched

with known connected pathways (Mahoney et al., 2018; Mahoney et al., 2019).

Additionally, we compared the simulated overland velocity of connected sediments to
literature values of estimated overland velocity. We adjusted 𝑃𝑃(𝜏𝜏) parameters until
simulated overland velocity was generally between 0.02 and 2.0 m s-1 (Grimaldi et al.,

2010; see Part I of these companion papers, Mahoney et al., 2020).

In stage two, we calibrated and validated the instream sediment routing model using
19 events from September 2017 to February 2019. We used the first 13 events for
calibration and the last 6 events for validation. Both sets of events contained a range of
hydrologic regimes in terms of water discharge and sediment concentration magnitude and
duration, and therefore were deemed representative of variable connectivity conditions.
Dates and hydrologic properties (𝑄𝑄𝑅𝑅 , 𝐻𝐻𝑏𝑏𝑏𝑏 , intensity, Daily CN) of events are recorded in

the Supplementary Material Table S1. The Nash-Sutcliffe Efficiency (NSE) of the
simulated sediment flux and observed sediment flux at the watershed outlet was used as an
objective function to assess model performance (Moriasi et al., 2007) as:
𝑁𝑁𝑁𝑁𝑁𝑁 = 1 −

2
∑𝑛𝑛
𝑖𝑖=1(𝑜𝑜𝑖𝑖 −𝑠𝑠𝑖𝑖 )

∑𝑛𝑛
𝑖𝑖=1 �𝑜𝑜𝑖𝑖 −𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎 �

(11)

2

where n is the number of temporal steps in the model, oi is the observed sediment flux
during a time step, si is the simulated sediment flux during a time step, and oavg is the
average observed sediment flux. We manually adjusted the sediment attenuation
parameter, sediment discontinuity parameter, and sediment routing coefficient for
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hydrologic regimes until average NSE for all events was acceptable (e.g., greater than 0.2).
We additionally used the coefficient of determination to compare simulated and observed
event sediment yield.
In stage three, we repeat the evaluation process from stage two but include
additional objective functions for hysteresis as well as qualitative information. Hysteresis
was calculated by normalizing discharge and sediment concentration for each event and
plotting normalized discharge on the x-axis and normalized sediment concentration on the
y-axis. In calibration, we minimized the difference between observed and simulated
hysteresis indices (HI). HI serves as one method to quantify hysteresis loop characteristics
such as direction, magnitude, and shape (e.g., Lloyd et al., 2016); and the HI varies between
-1 and 1 for normalized event data, with positive values indicating clockwise loop direction
and negative values indicating anti-clockwise loop direction (Sherriff et al., 2016; Lloyd et
al., 2016). The HI was calculated as:
𝐻𝐻𝐻𝐻𝑄𝑄𝑖𝑖 = 𝐶𝐶𝑅𝑅𝑅𝑅𝑄𝑄 − 𝐶𝐶𝐹𝐹𝐹𝐹𝑄𝑄
𝑖𝑖

(12)

𝑖𝑖

where 𝑄𝑄𝑖𝑖 is the discharge at the 𝑖𝑖 𝑡𝑡ℎ percentile of total normalized discharge for the event,

𝐶𝐶𝑅𝑅𝑅𝑅𝑄𝑄 is the concentration corresponding to the designated discharge percentile on the
𝑖𝑖

rising limb of the hydrograph, and 𝐶𝐶𝐹𝐹𝐹𝐹𝑄𝑄 is the concentration corresponding to the
𝑖𝑖

designated discharge on the falling limb of the hydrograph. Event HI for each simulated

event was calculated as the average value of the Hysteresis Index calculated at each quartile
of normalized discharge over the course of the event (i.e. the HI calculated at 25%, 50%,
and 75% of maximum normalized discharge). We calculated event HI from quartiles of
normalized discharge because this approach is commonly implemented in the hysteresis
literature (e.g., Fovet et al., 2018; Aguilera et al., 2018). We also qualitatively evaluated
the model performance by comparing the shape of the simulated hysteresis loop to the
observed hysteresis loop. Throughout the hysteresis evaluation, we iteratively adjusted the
sediment attenuation parameter, sediment discontinuity parameter, and sediment routing
coefficient for hydrologic regimes until average NSE was acceptable (e.g., greater than
0.2), observed and simulated hysteresis qualitatively matched, and the difference in
observed and simulated HI was minimized. We compared the NSE from stage two of the
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modelling with stage three to determine whether incorporation of hysteresis improved
model results.
We investigated the relationship between 𝑃𝑃(𝐶𝐶) and peak sediment flux by grouping

events by increasing sediment flux into low, medium, and high regimes. We carried out

one-way ANOVA tests to assess statistical differences in 𝑃𝑃(𝐶𝐶) between groups of events.
We used the coefficient of determination to further investigate the relationship between

event 𝑃𝑃(𝐶𝐶) and event sediment yield. We also used the coefficient of determination to
investigate the relationship between 𝑃𝑃(𝐶𝐶) and event average erosion rate per cell.

A summary of qualitative and quantitative methods used to validate the model

structure have been recorded in the Supplementary Material Table S2. These include field
reconnaissance of sediment pathways to qualitatively validate predicted results;
comparison of 𝑃𝑃(𝐶𝐶) with the Index of Connectivity (IC) (e.g,. Borselli et al., 2008; Cavalli
et al., 2013; Heckmann et al., 2018); optimization of the Nash Sutcliffe Efficiency (NSE)
for observed and simulated sediment flux; comparison of the NSE of observed and
simulated flux when hysteresis was considered with the NSE when hysteresis was not
considered; minimization of the difference in observed and simulated hysteresis index (HI);
qualitative visual comparison of observed and simulated hysteresis loop, shape, and
direction; and qualitative comparison of observed and simulated sediment flux.

4.4 RESULTS AND DISCUSSION
4.4.1 Model evaluation using sediment hysteresis
We found that model evaluation statistics improved by nearly a factor of two when
hysteresis was considered during model calibration versus when hysteresis was not
considered (see Table 3). We found that the average NSE for the calibration and validation
periods were 0.46 and 0.59, respectively, when hysteresis and event NSE were considered
as objective functions. When only event NSE was considered as an objective function,
average NSE was 0.24 during the calibration period and 0.34 during the validation period.
Optimal parameter values for events as inputs for the model are recorded in the
Supplementary Material Table S1, and hysteresis assisted with adjusting sediment
attenuation and discontinuity parameters. These coefficients were difficult to estimate
using physical grounds because the former reflects the lag between sediment and water
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during transport and the latter scales deposition longitudinally in the main channel; and the
hysteresis calibration showed usefulness to help with quantitative model evaluation for
these coefficients. The final values for model statistics (Table 3) show very good model
performance based on existing criteria, especially considering the time step in this study
and that results are for sediment (Moriasi et al., 2007).
Evaluation of hysteresis results were also shown to be adequate for individual storm
events as well as quantitatively for the hysteresis index and for sediment yield overall in
the basin. During the modelling evaluation, we calibrated the model by minimizing the
difference between simulated and observed hysteresis indices for the events (Table 4) and
visually comparing hysteresis loops (e.g., Fig. 2). Visually, the good relation between
observed and simulated hysteresis and sediment flux shown in Fig. 2, Fig. 3 and Fig. 4.
Visual results show qualitative validation of hysteresis.

In addition, comparison of

simulated and observed hysteresis indices for individual storm events shows also
quantitative validation of the modelling (see Table 4). The model generally performs well
with respect to hysteresis indices for individual events. 80% of simulated hysteresis loops
correctly capture the loop direction calculated from the turbidity and discharge data. The
model correctly predicted 3 of the 6 events with negative hysteresis; and these events with
observed negative hysteresis had hysteresis indices very close to zero for both modelled
and observed values. These 6 storm events with negative hysteresis were the smallest
sediment transport events and had sediment yield that was one to two orders lower by
metric tonnes as compared to the other 13 storm events. The model correctly predicted 12
of the 13 events with positive hysteresis. The HI was predicted correctly for 95% of
simulated sediment yield over the course of the 19 events.
One reason why inclusion of hysteresis improved sediment flux modelling is
because hysteresis accounts for structural and functional connectivity of distal and
proximal sediment sources, which was observed by investigating our connectivity model
results (Fig. 5). Generally, the loop direction is an important indication of overall event
connectivity and timing of connected sources given that distal versus proximal sources of
sediment will cause anti-clockwise versus clockwise loop direction, respectively (e.g.,
Lloyd et al., 2016; Sherriff et al., 2016). In the South Elkhorn watershed, hysteresis
modelling and observations show hysteresis loops for events with smaller sediment flux
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(Fig. 2a – Fig. 2l; Fig. 4c,) tend to be relatively linear (hysteresis index near zero) or slightly
negative, indicating that peak sediment concentration and peak discharge occur
approximately coincidently. As hydrologic regime increases (e.g., Fig. 2m – Fig. 2r) shape
of the hysteresis shifts from linear to generally clock-wise loops where sediment
concentration peaks prior to peak of discharge, implicitly indicating strong connectivity of
proximal sources during large events (e.g., Lloyd et al., 2016; Sherriff et al., 2016). The
weak hysteresis trends shown in Fig. 2a – Fig. 2l indicate that equal contribution of
proximal and distal sediment sources occur during this time. As hydrologic regime
increases, proximal sediment sources dominate sediment flux.
Results of the event hysteresis loops adds to our understanding of sediment
connectivity in the watershed. We find that the majority of connected sediment in the Upper
South Elkhorn watershed is located proximally to the watershed outlet. Generally,
(dis)continuity of distal sediment in the eastern portion of the watershed limits connectivity
of distal sediment to the watershed outlet due to instream bedrock outcrops that cause
discontinuity and deposition of sediment. Additionally, we find that limited connectivity
occurs in the eastern and southern portions of the Upper South Elkhorn watershed due to
soils being better-drained than soils near the catchment outlet in the northwestern portion
of the watershed. Poorly drained soils in the northwestern portion of the catchment are a
structural property of the northwestern portion of the watershed that promotes runoff
generation (and thus sediment connectivity) proximal to the watershed outlet. This is
corroborated by work from Sherriff et al. (2016) who found that regardless of land use
type, drainage efficiency of catchment soils limited (or promoted) runoff generation and
controlled overall sediment connectivity.
4.4.2 Sediment Flux at catchment and watershed scales
Analyses of results suggests catchment-scale sediment flux is linked to morphology
and structural characteristics of the catchments (see Fig. 5); and varies from catchment-tocatchment as function of the probability of timing and extent of connectivity of an
individual catchment.

This result was found by examining timing, spatial extent

connectivity and flux for the catchments. For example, Fig. 5 shows differences in
sediment connectivity and transport for two catchments in the South Elkhorn watershed;
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and comparison of the two catchments shows differences for sediment travel time (Fig. 5a)
and sediment flux and yield (Fig. 5b, 5c) for the 27 January 2018 even when watershed
𝑃𝑃(𝐶𝐶) was equal to approximately 10.4%. The majority of connected cells in catchment 1
contribute sediment to the watershed outlet between 0 and 3.8 hours (e.g., black and

magenta cells/bars in Fig. 5a and 5b), and the majority of connected cells in catchment 87
contribute sediment to the watershed outlet between 0.3 and 5 hours (e.g., magenta, blue,
and cyan cells/bars in Fig. 5a and 5c). The spatially connected area of catchment 1 was
predicted to be 0.42 km2 while the connected area of catchment 87 was 0.17 km2.
Catchment 1 produced 1.3 t sediment during the event, and catchment 87 produced 0.4 t
sediment. The prolonged contribution of sediment flux from catchment 87 occurs from the
lower gradient landscape and larger contributing area of the catchment, which slows
velocity of transported sediment.
It is noteworthy that Euclidian distance does not necessarily indicate connectivity
and relate with sediment flux. Distributed 𝑃𝑃(𝜏𝜏) results (Fig. 5a) show cells with travel time
between 0 to 1.3 hours are located throughout the western half of catchment 1, far from the

watershed outlet, and cells with travel time between 1.3 to 2.5 hours are located close to
the watershed outlet. This might seem counter-intuitive, however the morphology of
catchment 1 promotes pockets of overland runoff with high velocity, especially in roadside
ditches and ephemeral gullies where increased velocity of runoff is possible. In this regard,
while Euclidian distance to the watershed outlet does influence 𝑃𝑃(𝜏𝜏), the travel time is also
dependent upon proximity of the connected cell to a transport pathway or morphologic

feature that efficiently moves sediment such as a roadside ditch or gully. Delineation of

isochrons to define sediment travel times should not solely follow contours, but should also
include morphologic features.
The result that Euclidian distance is not necessarily a good predictor of sediment
connectivity and flux in our study corroborates well with results of Fryirs et al. (2007) and
the on-going discussion of the impact of buffers, barriers, and blankets on sediment
connectivity (see Fryirs et al., 2007; Fryirs, 2013). Buffers, barriers and blankets are
defined by Fryirs et al. (2007) as structural morphologic features that impede sediment
transport in lateral, longitudinal, and vertical dimensions, respectively. Fryirs (2013) uses
the term “buffers” to represent features that promote specifically disconnectivity of
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sediment from the uplands a catchment to the catchment outlet. In this study, we explicitly
incorporate buffers, here in the form of floodplains and farm dams, into the formulation of
the 𝑃𝑃(𝐶𝐶) model to represent disconnectivity. Our results extend an understanding of
buffer’s impact on connectivity because our inclusion of 𝑃𝑃(𝜏𝜏) to our connectivity model

shows how buffers can impact sediment timing results. We see the implicit impact of
buffers because they impede the timing of sediment transport and connectivity. In this
sense we use the term “buffers” to mean both the lateral impedance of sediment travel time
and disconnected spatial regions from the source to the stream network. One impact of
buffers is the Euclidean distance is not always a good timing predictor. For example, we
find that microtopography, defined as localized areas with flat gradients or “rough” slopes
(Lopez-Vicente and Alvarez, 2018), impedes the travel time of sediment from the uplands
of catchment 1 to the catchment outlet (see circled area in Fig 5a), although the proximity
of these features to the watershed outlet is relatively close. Microtopography typically
consists of slopes with characteristically low gradient, but can have high upstream
contributing area. Sediment connectivity is possible on microtopography, but travel time
from the uplands of the catchment to the catchment outlet is prolonged due to decreased
fluid velocity on the low gradient slopes (e.g., Jain, 2001), as shown here. Consequently,
the morphologic feature is impeding sediment transport, and implicitly is a buffer (Fryirs,
2013).
The importance of buffers on timing extends the discussion of buffer impact on
spatial connectivity, which is shown in our results, the work of Fryirs et al. (2007) and a
number of recent connectivity studies. For example, this concept is consistent with recent
connectivity literature from Cavalli et al. (2013) and Lopez-Vicente and Alvarez (2018) in
the sense of spatial connectivity, who found that pathway roughness and discontinuity
elements such as microtopography along the flowpath were important controls of sediment
connectivity. Specifically, Cavalli et al. (2013) found that an index used to represent
roughness of flow paths significantly impacted results of the IC (see Borselli et al., 2008;
Part I of these companion papers, Mahoney et al., 2020) and that roughness and IC were
inversely proportional. Cavalli et al. (2013) verified simulated (dis)connectivity using field
reconnaissance, indicating that the degree of sediment linkage is a function of pathway
roughness. Similarly, Lopez-Vicente and Alvarez (2018) found that simulated IC values
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decreased as DEM resolution (and hence the ability to capture microtopography features)
increased. In summary, we add to this on-going discussion because we find that not only
do buffers tend to control (dis)connectivity spatially (e.g., Cavalli et al., 2013; LopezVicente and Alvarez, 2018), but buffers, or lack thereof, also control the timing of sediment
connectivity from the uplands to the stream network.
As sediment flux and connectivity are integrated to the watershed scale, the shape
of sedigraphs tends to become self-similar (see Fig. 6). This result occurs from the routing
of sedigraphs from the 181 individual catchments. With respect to temporal integration of
sediment flux over events, we find that generally sediment yield simulations matched well
with the observed sediment yield for events (NSE = 0.84; R2= 0.94). These results for the
watershed scale show how leveraging structural and functional connectivity at the
fundamental unit can be upscaled, which has been promoted in a number of recent papers
(e.g., Vigiak et al., 2012; Nunes et al., 2017; Ali et al., 2018).
4.4.3 Sediment flux depends on the most sensitive connected pathways
Based on analyses of model results, sediment flux varied from event-to-event and
was found to be dependent on the most sensitive connected pathways existing across the
watershed. The most sensitive connected pathways were ephemeral gullies, rills and
roadside ditches (see Part I of these companion papers, Mahoney et al., 2020). We find that
as the density of sensitive pathways (i.e., the area of cover of these pathways per catchment
area) increases between catchments, so too does the sediment flux. For example, we find
that Catchment 1 contains a greater density of sensitive connected pathways compared to
Catchment 87 (see Fig. 5a) and that peak flux of catchment 1 (Fig. 5b) is approximately
five times as much as catchment 87 (Fig. 5c) during the event on 1/27/2018. The sensitive
pathways were associated with relatively steep slopes and larger upstream contributing
areas where water in the ephemeral gullies, rills and roadside ditches were more erosive.
The sensitive pathways in our study are corroborated by active contributing areas identified
previously in connectivity literature (e.g., Trimble, 1997; Fryirs, 2013; Latocha, 2014).
The urban and suburban ephemeral networks were at least as important as the agricultural
sensitive pathways in terms of sediment production, likely due to increased runoff
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production from impervious surface and increased accumulated flow from well-defined
urban drainage systems (Fig. 5a).
Analyses of results showed the sensitive connected pathways contribute
disproportionately large amounts to overall sediment yield regardless of the total rainfall
depth. Event-to-event results for 𝑃𝑃(𝐶𝐶), gross erosion generated per cell, and simulated
sediment yield (see Table 5) show storm events with lower 𝑃𝑃(𝐶𝐶) can have a one order of

magnitude higher sediment production per connected cell than events with higher 𝑃𝑃(𝐶𝐶).
Averaging data in Table 5 shows erosion generation per cell for events with less than 5%
𝑃𝑃(𝐶𝐶) is estimated to be 0.9 kg cell-1 while average erosion generation per cell for events

with greater than 5% 𝑃𝑃(𝐶𝐶) is estimated to be 0.06 kg cell-1. The high erosion rates for less

connected days occur because the most sensitive connected pathways almost always

produce sediment, at least for the 19 storm events studied. The gently-rolling watershed

has artificially-created concentrated flow pathways from gullies and road networks leading
to connectivity and erosion for the events studied. As the system becomes more connected,
the landscape neighboring the sensitive pathways contribute sediment but at a much
smaller rate. The connectivity modelling highlights the importance of the most sensitive
sediment pathways, regardless of event magnitude, which might not be expected otherwise.
4.4.4 Sediment transport prediction needs both connectivity and erosion formula
While the contribution of sensitive connected pathways is indicated using 𝑃𝑃(𝐶𝐶), we

find 𝑃𝑃(𝐶𝐶) alone is a poor predictor for sediment yield during events (R2 = 0.007) and

sediment flux. Fig. 3 shows sediment flux is poorly related with event 𝑃𝑃(𝐶𝐶) results. Events
in Fig. 3 are grouped by increasing sediment flux. Fig. 3a-3f show events with maximum

Qss equal to 0.7 kg s-1. Fig. 3g -3l show events with maximum Qss equal to 2.5 kg s-1. Fig.

3m-3r show events with maximum Qss equal to 15.0 kg s-1. There is no statistically
significant difference between 𝑃𝑃(𝐶𝐶) results between groups of events shown in Fig. 3 (one-

way ANOVA, 𝛼𝛼 = 0.05). Additionally, the simulated erosion rate per cell alone is a poor
predictor for sediment yield (R2 = 0.05). The poor relation between individual components
of Eq. 1 reflects the fact that sediment transport and connectivity encompass both structural

and functional connectivity and consideration of both facets is necessary in order to

154

simulate sediment flux at the watershed scale (Fryirs, 2013; Bracken et al., 2015; Grant et
al., 2017; Ali et al., 2018; Wohl et al., 2019).
The result is noteworthy and shows the importance of coupling connectivity
simulations with erosion formula and routing to quantify sediment yield. Recent literature
review indicates that few connectivity-based models couple with erosion formulae to
predict sediment flux (e.g., Ali et al., 2018; Heckmann et al., 2018; Wohl et al., 2019). Our
results are corroborated by Lopez-Vicente et al. (2015), who coupled the IC (e.g., Borselli
et al., 2008; Cavalli et al., 2013) with soil erosion estimation to assess potential soil
redistribution at the plot scale for differing runoff scenarios. Lopez-Vicente et al. (2015)
found that while the IC map reflected the spatial pattern of soil erosion, there was poor
correlation between soil erosion rate and the IC. In this regard, we emphasize the
importance of future iterations of sediment connectivity models to consider erosion and
sediment transport formulae to assess sediment flux and yield.
The notion that 𝑃𝑃(𝐶𝐶) is a poor predictor of sediment yield slightly contrasts findings

from Vigiak et al. (2012) who found that calibrated hillslope sediment delivery ratio

(HSDR), a function of the IC (Borselli et al., 2008), was well correlated with specific
sediment yield, which ultimately adds to an ongoing discussion regarding timescales of
connectivity in recent literature (e.g., Ali et al., 2018). In their study, Vigiak et al. (2012)
linked HSDR and IC using a Boltzmann-type sigmoid function and HSDR was coupled
within the deposition component of the erosion model in order to predict net sediment yield
at a yearly timescale. Generally, Vigiak et al. (2012) found that HSDR predicted specific
sediment yield well, which contrasts our findings that connectivity and sediment yield are
poorly correlated.
There are several potential reasons for these discrepancies regarding 𝑃𝑃(𝐶𝐶) as a

predictor of sediment yield in our study compared to the study by Vigiak et al. (2012), and

we primarly relate these differences to the timescales of observation in each study. For

example, timescales monitored in the study of Vigiak et al. (2012) (monthly – yearly) were
much longer than those analyzed herein (subhourly – event). Recent study has shown that
while both structural and functional processes are important considerations for connectivity
simulations at the event time scale (e.g., Mahoney et al., 2018), long-term connectivity
patterns are controlled by structural watershed properties (e.g., Fryirs, 2013). In this regard,
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since IC is primarily a function of structural properties, (see discussion in Part I of these
companion papers, Mahoney et al., 2020), the finding that sediment yield, as simulated on
a yearly basis in Vigiak et al. (2012), and IC are well correlated is reasonable considering
structural properties tend to control both connectivity and flux at such timescales (Fryirs,
2013; see discussion in Part I of these companion papers, Mahoney et al., 2020). Further,
Vigiak et al. (2012) and Jamshidi et al. (2014) acknowledge that IC is a good candidate for
linkage with HSDR when climatic homogeneity is prevalent in the catchment, which again
is a reflection of the structural nature of the IC. During low and moderate-hydrologic
events, we find that 𝑃𝑃(𝐶𝐶) is controlled by highly variable functional processes, and that

during these instance 𝑃𝑃(𝐶𝐶) and IC were poorly correlated because 𝑃𝑃(𝐶𝐶) formulation
considers both structural and functional connectivity while IC primarily considers
structural connectivity (see Section 5.3 of Part I of these companion papers, Mahoney et

al., 2020). Better correlation between 𝑃𝑃(𝐶𝐶) and sediment yield might be expected during

high-magnitude hydrologic events, however, when control of 𝑃𝑃(𝐶𝐶) shifts from functional
processes to structural watershed properties (Mahoney et al., 2018; see Part I of these

companion papers, Mahoney et al., 2020). Ultimately this distinction points towards recent
sentiment from researchers (e.g., Fryirs, 2013; Ali et al., 2018; Wohl et al., 2019), who

indicate that connectivity, and structural versus functional control of connectivity, is
variable over variable timescales.
4.4.5 Future directions and limitations
Several other methods currently present promising potential for quantifying
watershed sediment flux using connectivity theory similarly to the study presented herein.
One example, includes the previously mentioned hillslope sediment delivery ratio (HSDR)
parameter, as described in Vigiak et al. (2012) and derivatives thereof (e.g., Jamshidi et al.,
2014; Hamel et al., 2015). HSDR can be used to predict sediment yield when coupled with
empirical erosion equations, such as the universal soil loss equation (Jamshidi et al., 2014;
Hamel et al., 2015). The HSDR framework shows promise for future simulations of
watershed connectivity and sediment yield, however important limitations currently persist
with the model related specifically to the lack of functional connectivity considerations in
the IC, thus limiting the simulation timescale to, at shortest, monthly or seasonal
simulations. Incorporation of functional connectivity processes into the IC and HSDR
156

structures through alterations of the IC weighting factor (e.g., Chartin et al., 2017; Hooke
et al., 2017; Kalantari et al., 2017; Gay et al., 2015; see Section 5.3 in Part I of these
companion papers, Mahoney et al., 2020), or as shown herein with the probability of
connectivity formulations, warrants further investigation as another avenue to couple
connectivity theory and sediment flux modelling at high temporal resolutions.
One limitation of the modelling presented herein is the lack of evaluation of the
erosion rate rates at field plot-scales predicted using the erosion generation function. Our
limitation stems from the lack of spatially explicit and continuous soil erosion
measurements across the landscape needed to fully validate erosion rates. Our limitation is
consistent with other studies. The lack of sediment erosion data to validate upland erosion
rates has been a common discussion point in the connectivity literature for some time now,
dating back to at least the study of Vigiak et al. (2012), with implicit recognition dating
back as early as Walling’s “sediment delivery problem” (Walling, 1983). The problem
currently persists as identified in the recent review by Heckmann et al. (2018). Currently,
sediment connectivity modelling is made possible by the proliferation of sub-meter
resolution topographic surveys and high-temporal resolution sediment data. An important
dataset currently underdeveloped, however, is continuous, spatially explicit erosion data
collected at the field-plot scale for both event and seasonal timescales (Heckmann et al.,
2018). While such a dataset is conceptually ideal, practical limitations will likely persist
for the foreseeable future limiting the development of such data (Heckmann et al., 2018;
Wohl et al., 2019).
Potential solutions to the lack of sediment data and to better-quantify sediment
connectivity are both scale and process dependent (Heckmann et al., 2018; Wohl et al.,
2019), and might include the following: (1) sediment fingerprinting studies at the
catchment and watershed scales that help estimate erosion rates from specific sources at
the field-plot scale, as recommended by a number of researchers (Vigiak et al., 2012;
D’Haen et al., 2013; Koiter et al., 2013; Evrard et al., 2011; Fox and Martin, 2015;
Heckmann et al., 2018; Mahoney et al., 2019; Wohl et al., 2019); (2) plot-scale estimates
of erosion rates in controlled settings (Renard et al., 1996; Heckmann et al., 2018); (3)
upscaling of plot-scale erosion rates to hillslope and subcatchment scales (Heckmann et
al., 2018); (4) wireless sensor networks at the catchment scale (Wohl et al., 2019); and (5)
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improved technologies for tracing and tracking sediments at the watershed scale (e.g.,
Entekhabi et al., 2010; Jaeger and Olden, 2012; Smith and Vericat, 2015; Wohl et al.,
2019). All of these methods show potential for helping to validate erosion rates used in
connectivity modelling, however we also point out that these measurements are rather
expensive and time-consuming, especially when attempting over sites across multiple land
uses of a watershed. We highlight that the advancement of spatially explicit sediment data
may improve connectivity and flux simulation validation in the next generation of
watershed models, and warrants further development given the advancement of remote
sensing sciences.
Generally speaking, we recognize that both succession of hydrologic events prior
to those studied herein (including frequency and magnitude), antecedent soil moisture
reflective of the previous event and its timing, and the configuration of the stream network
likely impact sediment flux at the watershed outlet in the sense of threshold breaches,
sediment supply availability, and transport capacity of the fluid. The present study carries
out modelling for events although antecedent conditions, for example, are parameterized
within the sediment connectivity modelling. Continuous simulation in future work may
add further insight to sediment transport in this basin, although there are several features
of sediment transport processes that are likely to show similar results for both event based
and continuous simulation. For example, we note that the Upper South Elkhorn system
neither aggrades nor degrades at longer time scales (monthly, yearly), indicating that
upland sediment continuously replenishes bed sediments eroded during storm events,
which is consistent with our past findings (Russo and Fox, 2012; Mahoney et al., 2018;
Mahoney et al., 2019). Past study has also found that bank erosion contributes very little
to overall sediment yield (Russo and Fox, 2012). Previous investigations in the stream
found almost no instances when supply limited erosion and sediment transport of bed
sediments (Russo and Fox, 2012; Mahoney et al., 2019). Thus, we expect some similarities
between continuous simulation and event based results. That said, we are limited to event
simulations in this study and continuous simulation might add further insight that builds
upon these results herein.
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4.6 CONCLUSION
These two-part companion papers show the usefulness for integrating connectivity theory
with watershed modelling. The conclusion of Part II of these companion papers is as
follows:
1. Our model evaluation shows inclusion of hysteresis indices improves both
quantitative calibration/validation metrics and provides a deeper understanding of
the physical processes occurring in the watershed. Including hysteresis indices
provides nearly a 100% increase in model statistics, and in turn improves our
prediction of sediment flux. Hysteresis loop evaluation shows a shift from near
linear behavior at low to moderate events and then clock-wise loops for larger
events indicating the importance of proximal sediment sources in the system
studied.
2. Catchment-scale sediment flux is linked to morphology and structural
characteristics of the catchments. Sediment flux leaving catchments varies from
catchment-to-catchment as function of the probability of timing and extent of
connectivity of an individual catchment. Watershed-scale sediment flux shows
self-similarity for the main stem of the river channel as sediment from the 181
catchments is integrated moving down gradient.
3. Sediment flux varies from event-to-event and is found to be dependent on the most
sensitive connected pathways existing across the watershed.

The sensitive

connected pathways in our gently-rolling watershed were ephemeral gullies and
roadside ditches. As the density of these networks increases so too does sediment
flux for both small and large magnitude hydrologic events.

These sensitive

connected pathways contribute disproportionately large amounts to overall
sediment yield regardless of the total rainfall depth.
4. Sediment transport prediction to the watershed outlet requires both the connectivity
formula, erosion formula and sediment routing formula. 𝑃𝑃(𝐶𝐶) alone was a poor
predictor for sediment flux and sediment yield.

The result highlights the

importance of coupling connectivity simulations with erosion formula, and our
method provides one such approach.
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4.8 SUPPLEMENTARY MATERIAL
Table S1. Instream sediment routing model inputs and optimal parameters for events. Ased is the sediment attenuation coefficient,
𝜆𝜆 is the sediment discontinuity coefficient, 𝑘𝑘𝑠𝑠𝑠𝑠 is the sediment routing coefficient, 𝑆𝑆𝑆𝑆1 is the initial sediment flux prior to the
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Event

Ased

9/19/2017
11/18/2017
12/5/2017
1/27/2018
3/10/2018
5/5/2018
5/31/2018
6/21/2018
10/15/2018
11/15/2018
12/1/2018
12/15/2018
12/20/2018
12/23/2018
1/4/2019
1/19/2019
1/23/2019
2/20/2019
2/23/2019

2.5
2.5
2.5
5.2
2.5
5.2
5.2
2.5
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2

𝜆𝜆

3.5E-04
3.5E-04
3.5E-04
2.0E-04
3.5E-04
2.0E-04
2.0E-04
3.5E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04

kss

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

𝑆𝑆𝑆𝑆1 (kg s )
-1

0.01
0.02
0.02
0.10
0.02
0.05
0.30
0.02
0.02
0.03
0.20
0.03
0.03
0.05
0.07
0.07
0.06
0.15
0.11

QR
(mm)

Hbd
(mm)

Intensity
(mm hr-1)

Daily
CN

0.35
0.37
0.42
0.90
0.14
20.50
2.70
0.58
0.50
0.90
5.80
1.60
0.90
0.50
5.00
2.70
0.70
7.20
9.00

2.20
1.80
1.30
16.00
0.90
14.00
7.60
2.10
2.20
10.50
7.80
9.98
9.80
5.30
4.00
6.00
5.20
2.00
5.00

3.81
4.06
3.89
2.60
1.65
4.00
8.72
1.87
1.09
1.82
1.64
1.99
1.31
2.07
2.34
1.54
1.76
2.60
3.81

77.3
84.9
80.9
86.1
83.8
80.2
77.0
63.8
82.9
86.9
87.2
85.7
85.4
87.0
86.4
86.8
87.4
86.0
86.1

P(C)
1.4%
3.6%
3.1%
10.4%
3.1%
3.0%
1.5%
0.1%
2.5%
12.2%
13.3%
9.8%
8.8%
5.9%
11.5%
12.4%
13.7%
10.7%
10.9%

Avg. Erosion
Generation per
Cell (kg cell-1)
0.14
0.03
0.08
0.03
0.01
1.39
1.36
3.81
0.02
0.02
0.06
0.04
0.02
0.01
0.09
0.03
0.01
0.14
0.22

Validate

soil moisture content), and P(C) is the probability of connectivity.

Calibrate

start of the event, QR is the event runoff depth, Hbd is the peak baseflow depth, Daily CN is the daily curve number (a proxy of

Table S2: Qualitative and quantitative metrics used to validate the coupled connectivity and watershed modelling results.
Method
Sediment pathway verification using field reconnaissance and
remote sensing
Visual comparison of P(C) results with the Index of
Connectivity for variable events of hydrologic magnitude
Nash Sutcliffe Efficiency (NSE) of simulated and observed
sediment flux for calibration and validation periods

Source
Fryirs et al., 2007; Borselli et al.,
2008; Nicoll and Brierley, 2017
Borselli et al., 2008; Crema and
Cavalli et al., 2017
Arnold et al., 1998; Moriasi et al.,
2007

Visual comparison of simulated and observed sedigraphs for Wohl et al., 2019
calibration and validation periods
Comparison of calibration and validation NSE when hysteresis Developed herein
was considered and when hysteresis was not considered
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Comparison of the hysteresis index for simulated and observed
hysteresis loops
Visual comparison of simulated and observed hysteresis loop
shapes, areas, and direction
Comparison of simulated and observed event sediment yield
statistics (NSE, coefficient of determination)

Validation Type
Qualitative
Qualitative
Quantitative
Qualitative
Quantitative

Evans and Davies, 1998; Sheriff et Quantitative
al., 2016; Clare, 2019
Evans and Davies, 1998; Sheriff et Qualitative
al., 2016; Clare, 2019
Moriasi et al., 2007
Quantitative

Table 4.1. High-resolution data used to simulate connectivity and sediment flux.
Data Type
Digital Elevation Model
Total Suspended Solids Samples

Resolution
1.5 m by 1.5 m
7 hours

Turbidity

15 minutes

Upland Flux Simulation

15 minutes

Discharge

15 minutes

Precipitation

Hourly
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Collection Method
LiDAR (KYAPED, 2014)
Teledyne ISCO Sampler
YSI 6-Series Optical Sensor; YSI
EXO Series Optical Sensor
Connectivity model (see Part I of
these
companion
papers,
Mahoney et al., 2020)
USGS Gage 03289000
NOAA Lexington Bluegrass
Airport Station

Table 4.2. Parameter ranges and structural channel properties used to simulate sediment
flux.
Parameter
𝑘𝑘𝑠𝑠𝑠𝑠
𝜆𝜆
𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠
n
S
m
L
w
Nreach
𝛼𝛼
𝛽𝛽1
𝛽𝛽2
𝛽𝛽3
𝛽𝛽4
𝛽𝛽5

Description
Sediment Routing Coefficient
Sediment Discontinuity Coefficient
Sediment Attenuation Coefficient
Manning's n
Longitudinal Slope
Side Slope
Reach Length
Channel Width
Number of Reaches
Intercept Parameter for 𝐺𝐺 Estimation
𝑄𝑄𝑅𝑅 Parameter for 𝐺𝐺 Estimation
𝐻𝐻𝑏𝑏𝑏𝑏 Parameter for 𝐺𝐺 Estimation
𝐼𝐼 Parameter for 𝐺𝐺 Estimation
𝐶𝐶𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 Parameter for 𝐺𝐺 Estimation
𝑃𝑃(𝐶𝐶) Parameter for 𝐺𝐺 Estimation
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Value/parameter range
0.00-0.50
0.00001-0.001
0.1-10.0
0.03
Varies
Varies
Varies
Varies
181
82.590
0.740
0.054
0.889
19.452
0.081

Units
Unitless
m-1
Unitless
Unitless
m m-1
Unitless
m
m
Unitless
Unitless
Unitless
Unitless
Unitless
Unitless
Unitless

Table 4.3. Nash-Sutcliffe Efficiency values where hysteresis is not considered and
No NSE
Hysteresis
0.85
0.74
0.74
0.58
0.49
-1.57
0.53
0.71
-3.66
0.69
0.81
0.76
0.81
0.76
0.93
0.80
0.51
0.61
0.31
0.04
0.04
0.57
0.71
0.85
0.06
0.43
0.30
0.75
0.36
0.70
0.29
0.35
0.20
0.42
0.50
0.76
0.40
0.57
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Validate

Event
9/19/2017
11/18/2017
12/5/2017
1/27/2018
3/10/2018
5/5/2018
5/31/2018
6/21/2018
10/15/2018
11/15/2018
12/1/2018
12/15/2018
12/20/2018
12/23/2018
1/4/2019
1/19/2019
1/23/2019
2/20/2019
2/23/2019

NSE
Hysteresis

Calibrate

hysteresis is considered for the 19 events analyzed.

Table 4.4. Observed and simulated hysteresis indices (HI) for simulated events. Positive
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Validate

Event
9/19/2017
11/18/2017
12/5/2017
1/27/2018
3/10/2018
5/5/2018
5/31/2018
6/21/2018
10/15/2018
11/15/2018
12/1/2018
12/15/2018
12/20/2018
12/23/2018
1/4/2019
1/19/2019
1/23/2019
2/20/2019
2/23/2019

Hysteresis Hysteresis Sediment
Index
Index
Yield Sim
Observed Simulated (tonnes)
6.0
-0.07
-0.05
4.1
-0.17
0.16
7.1
-0.04
-0.03
27.7
0.09
-0.02
2.3
-0.15
-0.10
254.2
0.47
0.52
135.4
0.21
0.67
15.1
0.14
0.42
4.4
-0.27
0.40
20.1
0.27
0.89
80.9
0.33
0.53
26.3
0.30
0.37
16.0
0.21
0.85
9.9
-0.12
0.68
79.9
0.17
0.74
48.1
0.20
0.59
31.1
0.32
0.66
125.2
0.44
0.68
166.4
0.46
0.59

Calibrate

HI indicates clockwise hysteresis and negative HI indicates anti-clockwise hysteresis.

Table 4.5. Results for simulated probability of connectivity, erosion, and sediment yield
considering hysteresis during calibration. Nash-Sutcliffe Efficiency of simulated sediment
yield was determined to be 0.84 and R2 was determined to be 0.94.
Event

P(C)

9/19/2017
11/18/2017
12/5/2017
1/27/2018
3/10/2018
5/5/2018
5/31/2018
6/21/2018
10/15/2018
11/15/2018
12/1/2018
12/15/2018
12/20/2018
12/23/2018
1/4/2019
1/19/2019
1/23/2019
2/20/2019
2/23/2019

1.40%
3.57%
3.08%
10.42%
3.14%
3.00%
1.50%
0.13%
2.54%
12.16%
13.34%
9.79%
8.82%
5.91%
11.49%
12.36%
13.74%
10.68%
10.90%

Avg. Erosion
Generation per
Cell (kg cell-1)
0.14
0.03
0.08
0.03
0.01
1.39
1.36
3.81
0.02
0.02
0.06
0.04
0.02
0.01
0.09
0.03
0.01
0.14
0.22

Simulated
Sediment Yield
(tonnes)
6.0
4.1
7.1
27.7
2.3
254.2
135.4
15.1
4.4
20.1
80.9
26.3
16.0
9.9
79.9
48.1
31.1
125.2
166.4
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Observed
Sediment Yield
(tonnes)
10.8
8.8
4.4
48.9
3.0
305.1
149.4
28.8
5.3
26.2
162.6
44.4
29.4
12.6
94.0
58.6
47.2
223.72
198.7

Figure 4.1. Sediment model evaluation flowchart. Flowcharts assessing probability of
connectivity and probability of timing are shown in Part I.

168

Figure 4.2. Comparison of simulated sediment hysteresis at the watershed outlet to sediment
hysteresis measured with turbidity sensors, total suspended solids samples, and USGS Gage
03289000. Events are organized by increasing observed sediment flux. We qualitatively
compared observed and simulated hysteresis during model calibration, which improved model
evaluation statistics.
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Figure 4.3. Comparison of predicted sediment flux at the watershed outlet to sediment flux
measured with turbidity sensors and total suspended solids samples. Events are organized by
increasing observed sediment flux. (a)-(f) show events with maximum Qss equal to 0.7 kg s-1.
(g)-(l) show events with maximum Qss equal to 2.5 kg s-1. (m)-(r) show events with maximum
Qss equal to 15 kg s-1. Events (c), (h), (j), (m), (o), and (p) were used for model validation.
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Figure 4.4. Model results for 9/19/2017. (a) Shows predicted and observed sediment flux at the
watershed outlet. Observed sediment flux was measured by creating an empirical TSS-Turbidity
relationship using a YSI 6-series optical turbidity probe and TSS samples collected from an ISCO
automated sampler. (b) Shows simulated and observed sediment concentration throughout the
event. (c) Shows the simulated and observed sediment hysteresis loops.
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Figure 4.5. Integrated connectivity modelling results for two catchments in the Upper South Elkhorn watershed when
watershed probability of connectivity was equal to 10% on 1/27/2018. (a) Shows distributed geospatial results of coupling
the probability of connectivity and the probability of timing for catchment 1 and catchment 87. (b) Shows integrated
sediment flux estimation for catchment 1. (c) Shows integrated sediment flux estimation for catchment 87. Colored bars in
(b) and (c) relate to cells shown in (a). Circled area in (a) shows location where microtopography inhibits sediment travel
time.
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Figure 4.6. Multiplication of erosion generation per cell, 𝑃𝑃(𝐶𝐶), 𝑃𝑃(𝜏𝜏), and 𝑃𝑃(𝛾𝛾) to estimate sediment flux during the 1/27/2018
hydrologic event at varying spatial scales. (a) Shows spatially explicit E, 𝑃𝑃(𝐶𝐶), 𝑃𝑃(𝜏𝜏), and 𝑃𝑃(𝛾𝛾) results at the catchment scale
for catchment 161 (2.25 km2). (b) Shows spatially explicit results of integrating and routing connectivity, runoff, and erosion

across upper catchment surfaces (32.82 km2) and through the upper catchment stream network. (c) Shows simulated discharge
and sediment flux at the catchment outlet (61.7 km2) after integrating and routing E, 𝑃𝑃(𝐶𝐶), 𝑃𝑃(𝜏𝜏), and 𝑃𝑃(𝛾𝛾) over the watershed
surface and through the stream network.
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Chapter 5. Coupling the probability of connectivity and RUSLE reveals
pathways of sediment transport and soil loss rates for forest and reclaimed
mine landscapes

5.0 ABSTRACT
This work couples the connectivity modelling with soil erosion modelling to
simulate pathways that actively erode and transport sediment in a steep, forested catchment
with reclaimed mine lands. The probability of connectivity approach is formulated by
substituting soil loss generated from the revised universal soil loss equation (RUSLE).
Methods are carried out for a catchment in Eastern Kentucky USA and supported by one
meter resolution digital elevation model and a suite of previously published sediment
transport data for the basin.
We find that the coupled modelling simulates sediment transport well, which agrees
with recent sentiment and suggestions by others. However, evaluation results show
unforeseen dependency between connectivity formula and RUSLE that needs to be
accounted for when coupling the models. Future modelling of connectivity and RUSLE
together should consider incorporating feedback calibration schemes to resolve lack of
model independence.
Results estimate 12% and 47% of the drainage area of Appalachian forests and
reclaimed minelands, respectively, was connected for the hydrologic events studied; and
sediment is transported from concentrated flow paths on steep surfaces. The soil loss rates
of the reclaimed mine are approximately 30 times greater than the forest land despite the
fact that the reclamation is classified as phase 3. Disconnectivity occurs due to legacy
terracing in the forest, the high sand content of the forest soils that increase water
infiltration, and constructed berms between compacted spoil lifts on the reclaimed mine.
Two results of this study point to a need for future work: (i) Our results generally
point to structural control as dominating net connectivity in this study, which is contrary to
the notion that functional (dynamic) processes control sediment connectivity in all
landscapes.

(ii) Relationships between soil loss and connectivity in the forest and

reclaimed mine show trends of self-similarity, which remains a topic that is open one recent
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study agrees with our findings but others suggest the probability of connectivity can be
poorly correlated with soil loss and sediment yield in some basins.

5.1 INTRODUCTION
Structural and functional watershed properties are now well known to control
sediment yield and connectivity (Bracken et al., 2015; Wohl et al., 2018; Zingaro et al.,
2019). Over the past six decades, watershed models have been widely implemented to
simulate soil loss and understand controlling sediment processes at the watershed scale
(USEPA, 2004), and now play an important role in measuring impacts of sediment on
ecology, water supply, and water quality (Morris and Fan, 2009). We find, however, that
watershed models currently are hindered for a number of reasons. Namely, seldom do
watershed models represent structural and functional watershed variability at the
fundamental spatial and temporal units at which sediment processes occur (Bracken et al.,
2015; Nunes et al., 2017; Wohl et al., 2018; Batista et al., 2019). This results from spatial
and temporal lumping of sediment processes across landscapes and hydrologic events,
disassociating models from physical process and introducing empiricism. In years past,
such lumping resulted from limited computing power and availability of spatially explicit
data (Walling et al., 1983; Fryirs, 2013).
Coupling sediment models with connectivity theory (see Fryirs, 2013; Bracken et
al., 2015; Wohl et al., 2017) and now widely available geospatial data (e.g., KYAPED,
2014) serves as one promising approach to better represent structural and functional
variability of watershed properties. The ubiquity of high resolution geospatial data serves
as one means to overcome data limitations that currently hinder sediment models, even in
environments that have previously been considered “data sparse” (e.g., Fox, 2009).
Our motivation was to better understand structural and functional processes that
control sediment yield and sediment connectivity by coupling watershed soil loss modeling
with spatially explicit sediment connectivity simulations. We applied the coupled model to
a steep, forested watershed with reclaimed mine land in the Appalachian Region of Eastern
Kentucky, USA. In this regard, this paper serves the motivations of: (1) advancing methods
for coupling connectivity modelling with erosion rate modelling; (2) understanding
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spatially explicit soil loss in forested and reclaimed mine land uses; and (2) understanding
and discussing controlling structural and functional watershed properties that limit
sediment yield and sediment connectivity on forested and reclaimed mine hillslopes. Our
intent was to improve process-based knowledge of active sediment pathways and assist
with management of soil loss in watersheds.
We couple the widely popular Revised Universal Soil Loss Equation (e.g., RUSLE,
Renard et al., 1997) with connectivity theory (Bracken et al., 2015; Wohl et al., 2018) to
better represent spatially explicit pathways that actively contribute sediment to the stream
network. We chose to couple connectivity theory with RUSLE for a number of reasons.
First, RUSLE has been widely applied across the United States and Europe (Batista et al.,
2019), partially due to its success of implementation and relatively few input requirements
(Fox and Martin, 2015). Second, the RUSLE formulation serves as the conceptual
foundation for many popular non-point source sediment models, including (Ann)AGNPS
(Bingner and Theurer, 2001) and the Soil and Water Assessment Tool (SWAT; Arnold et
al., 1998). Third, the availability of high-resolution geospatial data, such as 1 m digital
elevation models (DEMs), serves as a basis to improve the spatial resolution of hillslope
erosion simulations.
While RUSLE has been widely applied, one underlying assumption of the model is
that all soil generated on a hillslope or within a HRU reaches the stream network (Lenhart
et al., 2005) and that deposition along hillslope pathways is negligible (de Vente et al.,
2013). Such assumptions limit the applicability of the model to predict sediment yield only
on surfaces with known active erosion pathways (Renard et al., 1997).
To overcome limitations of current watershed models and simulate actively eroding
pathways, we suggest coupling RUSLE simulations with connectivity theory. We define
connectivity similarly to Heckmann et al., (2018) as an emergent system property that
reflects the strength and continuity of sediment linkages between and within system
compartments at a given point in time. Connectivity is an emerging field that aims to
understand spatially and temporally explicit pathways that facilitate sediment transport
(Fryirs, 2013; Bracken et al., 2015; Wohl et al., 2019). Theory and frameworks to
understand sediment connectivity have been well developed within the geomorphology and
engineering communities (e.g., Hooke, 2003; Borselli et al., 2008; Fryirs 2013; Bracken et
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al., 2015; Gran and Czuba, 2017; Mahoney et al., 2018, 2020a,b; Ali et al., 2018). We find
that seldom in the literature have connectivity simulations been coupled with soil loss
prediction, yet that connectivity processes control sediment transport and yield (Bracken
et al., 2015; Wohl et al., 2018; Mahoney et al., 2018; Mahoney et al., 2019; Ali et al., 2018).
In this study, we couple RUSLE with connectivity while seeking to advance
methods to quantify the tenets of structural and functional connectivity that considers the
magnitude of connections. It is now recognized that connectivity simulations should
consider connectivity’s magnitude, extent, timing, and continuity (Bracken et al., 2015;
Grant et al., 2017; Ali et al., 2018; Wohl et al., 2019). The model recently updated by
Mahoney et al. (2020a,b) serves this goal. We consider event variability of structural and
functional watershed properties using the Probability of Connectivity 𝑃𝑃(𝐶𝐶) model from
Mahoney et al., (2018, 2020a,b) and suggest that representing the magnitude of

connectivity by coupling 𝑃𝑃(𝐶𝐶) with RUSLE serves as one approach to quantify
connectivity’s magnitude that is comparable across catchments.

Another motivation of this work is to better understand structural and functional

processes that control sediment connectivity and transport in steep, forested catchments
and on reclaimed mines, such as those found throughout the Appalachian Coal Belt region,
USA (Taylor et al., 2008). Steep, forested catchments in the Appalachian region are wellknown for soils with very high infiltration rates and limited runoff production (Hewlett and
Hibbert, 1965; Khan and Ormsbee, 1989; Taylor et al., 2009; Fox and Martin, 2015), which
is generally attributed to soil texture and macropore formations. Soil macropores efficiently
transport subsurface interflow to stream networks (Gupta et al., 2016) and are formed from
freeze-thaw processes, dissolution of limestone, and activity and decomposition of flora
and fauna (Sloan et al., 1983; Guebert and Gardner, 2001; Warner et al., 2010). The
Appalachian Coal Belt’s namesake originates from the presence of coal seams located
frequently throughout the mountainous region. Surface coal mining is one method
commonly used to extract coal in the region and involves removing vegetation, timber, and
topsoil from surfaces (Bonta, 2000) to access underlying coal seams which are
subsequently excavated (Shrestha and Lal, 2006). During reclamation, land surfaces are
regraded with mine spoils, crushed rock, and coal fragments (Wickham et al., 2007) and
heavily compacted and reseeded to prevent mass wasting and landslides (Taylor et al.,
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2009; Warner et al., 2010). Generally, regraded hillslopes remain relatively steep postreclamation, but are slightly flatter than the surrounding forest hillslopes (Fox and Martin,
2015). Marked difference in hydrology have been observed in reclaimed mine hillslopes
compared to forested hillslopes in the region. Namely, compacted surfaces have much
lower infiltration rates compared to forested hillslopes resulting in greater runoff
production (Warner et al., 2010). We find that structural and functional controls on
sediment connectivity in steep, forested hillslopes and reclaimed mine lands in the
Appalachian Coal Belt region are understudied. The use of coupled models, such as the
probability of connectivity and RUSLE, serves as one approach to better understand
controls of sediment processes in these remote regions.
The objectives of this paper were to: (1) couple and evaluate the probability of
connectivity model and RUSLE to advance spatially explicit watershed sediment modeling
and (2) advance understanding structural and functional variables that control connectivity
and sediment yield in steep, forested watersheds and reclaimed mine land. We apply the
model to a steep, forested watershed in Eastern Kentucky, USA with reclaimed mine land
to fulfill these objectives.

5.2 STUDY SITE AND MATERIALS
The study site is the Whitaker Branch watershed (2.63 km2) located in Letcher
County, Kentucky (see Fig. 1). Land use in the watershed is primarily second growth
deciduous forest (2.47 km2) and pastureland (0.16 km2) which coincides with reclaimed
surface mining. Average slope of the reclaimed mine is 0.44 m m-1 and average slope of
the forest land is 0.51 m m-1. The deciduous forest consists primarily of maple beech,
yellow polar, oak, hickory, buckeye, and basswood. Soils in the watershed are primarily
silt-loams with high infiltration capacity (Fox, 2009). In the late 19th century timber within
the watershed was harvested and subsequently farmed, where contours were implemented
for resource conservation purposes. The watershed was subsequently reforested and
remained relatively undisturbed for approximately one hundred years, although some
farming and residence existed in the lower part of the basin. Whitaker Branch watershed is
located in the Appalachian Coal Belt and was subjected to surface mining between 1982
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to 1988 and between 1998 to 2004 (Fox, 2009; Fox and Martin, 2015). Reclamation of the
surface mining site began in 2004 and was completed according to regulations specified
from the Surface Mine Reclamation Act (SMCRA). Notably, surfaces were regraded with
mine spoils, crushed rock, and residual coal and were heavily compacted to prevent mass
wasting (Fox, 2009). Limited regrowth from native trees has been observed as consequence
from compaction procedures and due to reseeding with grasses (Fox, 2009; Fox and Martin,
2015).
Watershed morphology is considered to be steep and very steep, with long, narrow
ridgetops, and narrow valleys, with some variability due to the reclaimed mine. Average
slope in the forested land is 0.51 m m-1 and average slope on the reclaimed mine is 0. 44 m
m-1. Features that promote sediment connectivity include concentrated flow pathways,
roads, and surfaces throughout the reclaimed mine (Bonta, 2000; Fox and Martin, 2015).
Disconnecting morphology includes soil macropores that limit overland runoff production,
and historic terracing, which dissects hillslopes (Fox and Martin, 2015).
Climate in Letcher County, Kentucky is temperate-humid with on average 102 cm
of rainfall per year and average temperature of 1.7°C during winter and 22.8°C in summer.
During the study period (2007), 12 storm events with rainfall that contributed to soil loss
were identified. High infiltration rates on the order of 120 mm hr-1 are common in steep,
forested catchments throughout the Appalachian Coal Belt (Harden and Scruggs, 2003).
High infiltration rates are due to soil texture and the formation of macropores from flora
and fauna, freeze-thaw cycling, and dissolution of limestone in the area (Sloan et al., 1983;
Taylor et al., 2009; 1971; Guebert and Gardner et al., 2001; Warner et al., 2010; Fox and
Martin, 2015), which form preferential flow paths that increase interflow during events.
Observations throughout watersheds in the Appalachian Coal Belt region indicate that little
overland flow is typically generated during storm events due to interception from the forest
canopy and high infiltration rates due to the soil texture and macropore pathways (Taylor
et al., 2009; Hewlett and Hibbert, 1965; Khan and Ormsbee, 1989; Sloan et al., 1983).
Hydrology in reclaimed surface mines varies from hydrology of the steep forested
land uses. Reclamation of surface mines impacts infiltration rates of rainfall due to
earthwork and compaction, and results in notable runoff production (Shulka et al., 2004;
Guebert and Gardner et al., 2001; Warner et al,. 2010). Researchers have observed
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decreases in infiltration from 120 mm hr-1 to 10-20 mm hr-1 from pre-mining conditions to
post-reclamation (Warner et al., 2010; Taylor et al., 2008). Interception of rainfall is also
impacted because compacted reclaimed soils limit water and carbon transport important
for tree growth (Angel et al., 2005), thus the reclaimed mine land is typically populated by
short-rooted grasses (Acton et al., 2011). A conceptual model highlighting differences in
hydrology on steep, forested hillslopes and reclaimed mine hillslopes is shown by Fig. 2.
We used a number of materials to conduct probability of connectivity and RUSLE
modeling including geospatial data, sediment field measurements, sediment fingerprinting
results, previous sediment and hydrologic modeling, and field reconnaissance (see Table
1). Highly-resolved geospatial data used include 1.5 x 1.5 m digital elevation models, land
use and land cover data, and soil data. All geospatial data are freely available across the
Commonwealth of Kentucky. Precipitation data collected at the nearby USGS gage in
Whitesburg, KY were used as an input to both the hydrologic model and the RUSLE model.
Delineation of the reclaimed mine was completed using remote sensing, field
reconnaissance, and spatial mapping of statewide mined out areas. We carried out
hydrologic modeling using the Soil and Water Assessment Tool (SWAT) via ArcSWAT
2012.10.21 to predict event runoff generation and daily soil moisture content. Since the
basin is ungauged, we verified hydrologic modeling by comparing annual water budget
results generated from the modeling with results from similar catchments in the
Appalachian Coal Belt, which improves our confidence in yearly sediment yield results.
We applied the probability of connectivity, 𝑃𝑃(𝐶𝐶), model developed by Mahoney et al.,

(2018, 2020a,b) to the Whitaker Branch watershed to determine the spatial extent of
sediment connectivity during events. Connectivity modeling was carried out using ArcGIS

10.4.1 on a desktop PC (Intel® CoreTM i7-6700 CPU at 3.40 GHz; 64-bit operating system,
x64-based processor). RUSLE modeling and subsequent uncertainty analyses were
performed in ArcGIS 10.4.1 and in Microsoft Excel on a desktop PC (Windows 10, Dell
OptiPlex 9010, Intel i7-3770 3.40 GHz, 4 Cores). We utilize total suspended solids (TSS)
samples and sediment fingerprinting results presented in Fox and Martin (2015) to
determine soil loss rates on forest and reclaimed mine land uses in the watershed, which
we use to evaluate the model. Sediment fingerprinting was conducted using stable carbon
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and nitrogen isotope tracers to identify contribution of sediment sources (Fox and Martin,
2015).

5.3 METHODS
5.3.1 Connectivity Model Application
Simulation of sediment flux required multiplication of connectivity formulae and
erosion generation functions simulated using RUSLE. Connectivity is formulated using
probability theory to reflect the stochastic nature of sediment transport and heterogeneity
of hydrologic variables at the watershed scale (Wright and Webster, 1991; Papanicolaou
et al., 2003; Borselli et al., 2008; Mahoney et al., 2018). Formulation of connectivity
equations is presented in Mahoney et al., (2020a,b) to reflect tenets of connectivity theory
including connectivity’s magnitude, extent, and timing (Bracken et al., 2015; Grant et al.,
2017; Ali et al., 2018; Wohl et al., 2019) as
(1)

𝑚𝑚̇ = 𝐸𝐸[𝑃𝑃(𝐶𝐶) ∩ 𝑃𝑃(𝜏𝜏) ∩ 𝑃𝑃(𝛾𝛾)]

where 𝐸𝐸 is the event erosion rate, 𝑃𝑃(𝐶𝐶) is the probability of sediment connectivity

representing the spatial extent of connectivity, 𝑃𝑃(𝜏𝜏) is the probability of sediment timing

representing the variability of connectivity and active erosion periods during an event, and

𝑃𝑃(𝛾𝛾) is the probability of sediment (dis)continuity representing the continuity of sediment
connectivity along the pathway.

During this analysis, we focus on estimating connectivity over the entire duration

of storm events rather than inter-event variability, thus 𝑃𝑃(𝜏𝜏) becomes unity (see Mahoney
et al., 2020a,b). Additionally, we find that very little instream deposition of fine fluvial

sediment occurs due to the steep stream gradient (Fox, 2009; Fox and Martin, 2015), thus

𝑃𝑃(𝛾𝛾) becomes unity. Thus, Eq. (1) is representative of sediment transport over an entire
event and is simplified as:

(2)

𝑌𝑌 = 𝐸𝐸[𝑃𝑃(𝐶𝐶)]

where 𝑌𝑌 is sediment yield. Eq. (2) is discretized across the watershed to represent spatially
distributed connectivity and flux in fundamental spatial units (e.g., geospatial cells) where
erosion and transport processes occur during an event as:
𝑚𝑚̇𝑖𝑖𝑖𝑖 = 𝐸𝐸𝑖𝑖𝑖𝑖 [𝑃𝑃(𝐶𝐶)]𝑖𝑖𝑖𝑖

(3)
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where j is the spatial unit and i is the event. We utilize 1.5 x 1.5 m DEM cells to represent
fundamental spatial units because such resolution has been found to adequately capture
morphologic features that sediment flux (Lopez-Vincent and Alvarez, 2018; Cantreul et
al., 2017; Mahoney et al., 2018). Eq. (3) is integrated across the watershed surface to
determine sediment yield for the event.
5.3.2 Applying probability of sediment connectivity, 𝐏𝐏(𝐂𝐂) to Forest Land and
Reclaimed Mine

The probability of sediment connectivity 𝑃𝑃(𝐶𝐶) is defined as the probability that a

landscape unit can detach and transport sediment laterally to the fluvial network (Borselli
et al., 2008; Mahoney et al., 2018). 𝑃𝑃(𝐶𝐶) reflects the co-occurrence, or intersection, of
several structural and functional (Wohl et al., 2019) sub-processes requisite of transport

including sediment supply, sediment detachment, and sediment transport, as formulated by
Mahoney et al., (2018). 𝑃𝑃(𝐶𝐶) is formulated as
𝑃𝑃(𝐶𝐶) = 𝑃𝑃(𝑆𝑆) ∩ 𝑃𝑃(𝐺𝐺) ∩ 𝑃𝑃(𝑇𝑇) ∩ {1 − 𝑃𝑃(𝐵𝐵)}

(4)

where 𝑃𝑃(𝑆𝑆) is the probability of sediment supply, 𝑃𝑃(𝐺𝐺) is the probability of sediment
generation, 𝑃𝑃(𝑇𝑇) is the probability sediment transport, and 𝑃𝑃(𝐵𝐵) is the probability of a
buffer that impedes lateral sediment transport (e.g., Fryirs, 2013). Eq. (4) considers

intersecting probabilities because each sub-process must occur coincidentally or
sequentially for sediment originating in a spatial unit to reach the stream network (Leopold
et al., 1964).

When considering that sediment generation and transport can occur via both
hydrologic and non-hydrologic (e.g., mass wasting) processes, Eq. (4) is expanded as
𝑃𝑃(𝐶𝐶) = 𝑃𝑃(𝑆𝑆) ∩ 𝑃𝑃(𝐷𝐷𝐻𝐻 ∪ 𝐷𝐷𝑁𝑁𝑁𝑁 ) ∩ 𝑃𝑃(𝑇𝑇𝐻𝐻 ∪ 𝑇𝑇𝑁𝑁𝑁𝑁 ) ∩ {1 − 𝑃𝑃(𝐵𝐵)}

(5)

where 𝐷𝐷𝐻𝐻 and 𝐷𝐷𝑁𝑁𝑁𝑁 represent hydrologic and non-hydrologic detachment, respectively, and

𝑇𝑇𝐻𝐻 and 𝑇𝑇𝑁𝑁𝑁𝑁 represent hydrologic, and non-hydrologic transport, respectively. Eq. (5) is
expanded mathematically as

𝑃𝑃(𝐶𝐶) = 𝑃𝑃(𝑆𝑆) ∙ {𝑃𝑃(𝐷𝐷𝐻𝐻 ) + 𝑃𝑃(𝐷𝐷𝑁𝑁𝑁𝑁 ) − 𝑃𝑃(𝐷𝐷𝐻𝐻 )𝑃𝑃(𝐷𝐷𝑁𝑁𝑁𝑁 )} ∙ {𝑃𝑃(𝑇𝑇𝐻𝐻 ) + 𝑃𝑃(𝑇𝑇𝑁𝑁𝑁𝑁 ) −
𝑃𝑃(𝑇𝑇𝐻𝐻 )𝑃𝑃(𝑇𝑇𝑁𝑁𝑁𝑁 )} ∙ {1 − 𝑃𝑃(𝐵𝐵)}
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(6)

We discretize Eq. (6) for all spatial units across the watershed surface during an event and
integrate results to determine the percentage of the watershed that actively contributes
sediment.
Fig. 3 shows the probability of connectivity simulation structure adapted from
Mahoney et al., (2018) and inputs used to parameterize sub-processes. We implement a
Boolean approach in conjunction with Mahoney et al. (2018) to parameterize each
geospatial cell across the Whitaker Branch watershed, where a value of 1 represents that a
geospatial cell is connected with respect to the sub-process, and a value of 0 represents that
a geospatial cell is disconnected with respect to the sub-process. Hydrologic variables used
to predict 𝑃𝑃(𝐷𝐷𝐻𝐻 ) and 𝑃𝑃(𝑇𝑇𝐻𝐻 ) for the 12 events analyzed during the study period were
estimated using ArcSWAT 2012.10.21 (see Table 2). Herein we do not explicitly consider

non-hydrologic detachment or transport processes based on previous studies in the

watershed (Fox, 2009; Fox and Martin, 2015). Additionally, we do not explicitly
parameterize buffers 𝑃𝑃(𝐵𝐵) in the watershed because we did not observe the presence of

morphologic features known to prohibit sediment transport and connectivity during field
reconnaissance and geospatial analysis (Fox, 2009; Fox and Martin, 2015). Equations used

to parameterize sub-processes shown in Eq. (6) are found in Mahoney et al., (2018) and in
Appendix A. Connectivity parameter ranges are recorded in Table 3. Structural
connectivity, which represents physical properties of watersheds with little variability from
event to event (slope, soil texture) are represented with the probability of sediment supply
𝑃𝑃(𝑆𝑆) and probability of downstream hydrologic transport 𝑃𝑃(𝑇𝑇𝐻𝐻−𝐷𝐷𝐷𝐷𝐷𝐷 ) (Mahoney et al.,

2018; Wohl et al., 2018). We represent functional connectivity, representative of variable
connectivity processes due to, for example, runoff generation and soil moisture content

using the probability of detachment 𝑃𝑃(𝐷𝐷𝐻𝐻 ) and the probability of upstream hydrologic

transport 𝑃𝑃(𝑇𝑇𝐻𝐻−𝑈𝑈𝑈𝑈 ) respectively (see Mahoney et al., 2018; Wohl et al., 2018).
5.3.2 RUSLE application to forested land and reclaimed mine

We apply the RUSLE model to represent erosion rates in geospatial cells to
simulate sediment flux in Eq. (3). We assume that surface erosion occurs primarily via rill
and sheet erosion in both the steep, forested hillslopes and the reclaimed mine sites,
183

justifying our use of RUSLE to simulate erosion rates (Renard et al., 1997; Fox and Martin,
2015). The RUSLE model simulates soil loss on hillslopes at an event-bases (Renard et al.,
1997) as
(7)

𝐴𝐴 = 𝐸𝐸𝐸𝐸 ∙ 𝐾𝐾 ∙ 𝐿𝐿𝐿𝐿 ∙ 𝐶𝐶 ∙ 𝑃𝑃,

where 𝐴𝐴 represents hillslope soil-loss (tonne ha-1), 𝐸𝐸𝐸𝐸 is the storm erosivity factor (MJ ∙
mm [ha ∙ hr]−1 ), 𝐾𝐾 is the soil erodibility coefficient (tonne ∙ ha ∙ hr [ha ∙ MJ ∙ mm]−1 ), 𝐿𝐿𝐿𝐿

is the slope length and steepness factor (m m-1), 𝐶𝐶 is the cover-management factor

(unitless), and 𝑃𝑃 is the supporting practice factor (unitless). We discretize Eq. (7) for
geospatial cells to estimate annual soil loss throughout the Whitaker Branch watershed

from both steep, forested hillslopes as well as slopes on the reclaimed mine. We modify
Eq. (7) to account for connectivity by multiplying cells by 𝑃𝑃(𝐶𝐶) results, which represents

the complete parameterization of Eq. (1). Additionally, we make the following
assumptions: (1) the 𝐸𝐸𝐸𝐸 factor is uniform spatially across the watershed during an event;

(2) the 𝐾𝐾, 𝐿𝐿𝐿𝐿, 𝐶𝐶, and 𝑃𝑃 factors remain constant temporally throughout the study period; (3)
𝐶𝐶 factors vary between forest and reclaimed mine land uses; and (4) disconnected cells
(i.e., 𝑃𝑃(𝐶𝐶) = 0) do not yield sediment (𝐴𝐴 = 0). Eq. (7) is thus rewritten as
𝐴𝐴𝑖𝑖𝑖𝑖 = 𝐸𝐸𝐼𝐼𝑖𝑖 ∙ 𝐾𝐾𝑗𝑗 ∙ 𝐿𝐿𝑆𝑆𝑗𝑗 ∙ 𝐶𝐶𝑗𝑗 ∙ 𝑃𝑃𝑗𝑗 ∙ 𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 .

(8)

Average annual soil loss (tonne ha-1) for steep, forested and reclaimed mine land uses is
thus determined as
𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = ∑𝑚𝑚
𝑖𝑖=1
𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = ∑𝑚𝑚
𝑖𝑖=1

∑𝑛𝑛
𝑗𝑗=1 𝐴𝐴𝑖𝑖𝑖𝑖
𝑛𝑛

∑𝑘𝑘
𝑗𝑗=1 𝐴𝐴𝑖𝑖𝑖𝑖
𝑘𝑘

, 𝑗𝑗 ∈ [steep, forest land]

, 𝑗𝑗 ∈ [reclaimed mine]

(9)
(10)

where 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the average annual soil loss (tonne ha-1) across the entire steep, forested
land use, i is an index representing the storm event, m is the total number of storm events

during the study year, j is an index representing the geospatial cell, n is the total number of
geospatial cells belonging to the forested land use, 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the average annual soil loss
(tonne ha-1) across the entire reclaimed mine land use, and k is the total number of

geospatial cells belonging to the reclaimed mine land use.

Since Eqs. (9) and (10) are divided by n and k, the total number of geospatial cells
that belong to the land use, 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 and 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 represent soil loss rates from the entirety of
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each land use. Since sediment connectivity occurs on only a fraction of cells belonging to
the varying land uses, we modify Eqs. (9) and (10) to represent normalized soil loss for
only connected areas as
𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = ∑𝑚𝑚
𝑖𝑖=1
𝐴𝐴𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = ∑𝑚𝑚
𝑖𝑖=1

∑𝑛𝑛
𝑗𝑗=1 𝐴𝐴𝑖𝑖𝑖𝑖
𝛼𝛼𝑖𝑖

∑𝑘𝑘
𝑗𝑗=1 𝐴𝐴𝑖𝑖𝑖𝑖
𝛽𝛽𝑖𝑖

, 𝑗𝑗 ∈ [steep, forest land]

, 𝑗𝑗 ∈ [reclaimed mine]

(11)
(12)

where 𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 represents annual soil loss (tonne ha-1) for connected forested land use, 𝛼𝛼𝑖𝑖

is the total number of steep, forested geospatial cells connected during an event, 𝐴𝐴𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is
the annual soil loss (tonne ha-1) for the reclaimed mine land use, and 𝛽𝛽𝑖𝑖 is the total number

of reclaimed mine geospatial cells connected during an event. We emphasize that 𝛼𝛼𝑖𝑖 ≤ 𝑛𝑛

and 𝛽𝛽𝑖𝑖 ≤ 𝑘𝑘.

We parameterize RUSLE as follows: To parameterize the storm erositvity (EI)

parameter, we focus only on rainfall events that produce more than 1.3 cm of rainfall and
storms that produce at least 0.6 cm of rain in 15-minutes in accordance with Renard et al.
(1997; p. 23). We utilize hourly rainfall data measured at the USGS gage in Whitesburg,
Kentucky for 2007 to determine storms appropriate for analysis. 12 events during the study
year were identified to produce sediment based on these requisites during 2007 (Renard et
al., 1997). We determine EI (MJ ∙ mm [ha ∙ hr]−1 ) values in accordance with Renard et al.,

(1997) as

Δ𝑉𝑉

𝐸𝐸𝐸𝐸 = ∑𝑝𝑝𝑟𝑟=1 1099 ∙ �1 − 0.72 ∙ exp �−1.27 ∙ Δ𝑡𝑡𝑟𝑟 �� ∙ 𝐼𝐼30 ∙ 0.1702
𝑟𝑟

(13)

where r is a temporal index representing increments of a storm event, p is the total
increments in the storm event, Δ𝑉𝑉 is the depth of rainfall during the increment r (in), Δ𝑡𝑡 is
the duration of the increment (hr), and 𝐼𝐼30 is the 30-min rainfall intensity. We record EI

values in Table 2.

We parameterize the soil erosivity (K) factor using USDA soils maps for the

Whitaker Branch watershed and reported K values for each soil type (see Fig. 1 and Table
3). We parameterize the slope length and steepness (LS) factor by: (1) delineating slope
lengths from the watershed boundary to the nearest downstream concentrated flow
pathway, (2) defining slope along the slope length using the Slope tool in ArcGis 10.4.1,
and (3) interpolating LS values reported in Table 4-1 from Renard et al., (1997). We
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parameterize the support practice (P) factor as being equal to 1.0. We justify this given that
slopes are relatively steep in both forested hillslopes and reclaimed mine hillslopes (Renard
et al., 1997). Additionally, we argue that this avoids overparameterization of the model
given that disconnectivity due to terracing is already accounted for in 𝑃𝑃(𝐶𝐶) results (see
Section 4.1). We treat the cover-management (C) factor as a calibration parameter in order

to more accurately understand impacts of the reclaimed mine on soil loss, as discussed in
Section 3.4. We justify using temporally-constant values for K, LS, C, and P given previous
study in the watershed (Fox, 2009; Fox and Martin, 2015). RUSLE factor ranges are

reported in Table 3.
5.3.4 Model Calibration and Evaluation
Data used to calibrate the coupled probability of connectivity and RUSLE models
includes geospatial analysis and field reconnaissance of sediment transport pathways,
sediment

fingerprinting

analyses,

and

sediment

concentration

samples.

Field

reconnaissance of sediment transport pathways was conducted by Fox (2009) and
geospatial analyses were conducted using DEMs (KYAPED, 2014) and orthophotographs.
Samples to conduct sediment fingerprinting were collected from forest and reclaimed mine
sources as described in Campbell et al. (2009), and instream samples were collected five
times during 2007 as described in Fox (2009). TSS samples collected were collected using
a Teledyne ISCO automated pump sampler as reported in Fox (2009) and Fox and Martin
(2015). Observed soil loss estimates from forest and reclaimed mine land uses in 2007 were
derived from TSS samples and fingerprinting results.
We completed evaluation of the model in two stages (see Fig. 4). In stage one, we
calibrated results from the probability of connectivity model by qualitatively comparing
spatially distributed connectivity results with sediment pathways identified via field
reconnaissance and remote sensing. If simulated sediment transport pathways were
considered unacceptable, we adjusted connectivity parameters until the realization
qualitatively matched known transport pathways. Connectivity parameters calibrated in
this stage included: (1) b, the connectivity runoff turbulence exponent, (2) c the rill/gully
threshold coefficient, and (3) τcr the critical shear stress of erodible surfaces. We used
literature values to define ranges of parameter values (Torri and Poesen, 2014; McCool et
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al., 1993; Hanson and Simon, 2001). Since calibration is completed qualitatively, we
defined wide parameter ranges to account for potential uncertainty (see Table 3). We justify
the use of large parameter ranges given the difficulty of calibrating and validating spatially
explicit sediment transport processes.
In stage two, we calibrated results from the combined connectivity and RULSE
modeling by comparing simulated sediment yield to observed sediment yield for the
forested land use and reclaimed mine (Fox, 2009; Fox and Martin, 2015). If simulated
sediment yield was not within ± 35% of observed sediment yield, we adjusted C factor for
the forested and/or reclaimed mine land use until sediment yield results were acceptable.
35% uncertainty bounds surrounding modeling results considers error due to sediment
fingerprinting (approx. 15%, Fox and Martin, 2015) and error due to sediment
concentration measurements. Based on previous work, we estimate 20% error from
sediment concentration measurements after empirical observations of the variability of
ISCO sediment concentration samples.
We quantified model uncertainty by permuting realizations of parameter ranges and
running the probability of connectivity and RUSLE model. We created over 300
permutations of the connectivity and RUSLE model to simulate sediment yield. We justify
using a low number of model realizations due to logistical reasons related to model
computing requirements and file size. We iteratively chose parameter ranges to reduce
limitations related to the number of realizations (see Table 3). Realizations with simulated
sediment yield within ± 35% of the observed sediment yield were included in the solution
space. We qualitatively validated RUSLE modeling by comparing spatially-explicit R, LS,
K, and calibrated C parameters with separate RUSLE modeling that considered lumped R,
LS, K, and calibrated C parameters. All lumped parameters were on the same order of
magnitude as the zonal average of the spatially explicit analysis.

5.4 RESULTS AND DISCUSSION
5.4.1 Evaluation of coupled connectivity and RUSLE modelling: a need for iterative
validation
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We found that coupling the probability of connectivity model with RUSLE
simulated both observed sediment yield and sediment fingerprinting results well. Optimal
parameter values determined during model calibration are recorded in Table 4, and
simulated and observed sediment yield results are recorded in Table 5. Uncertainty results
suggest that variable ranges of connectivity parameters adequately simulate sediment
transport whereas the range for acceptable C factor values is much smaller. This perhaps
points to the need of future quantification of equifinality in connectivity simulations and
exploration of methods to reduce equifinality in spatially-explicit sediment connectivity
simulations. We generally find that optimal parameters make physical sense, however
some parameter values warrant further discussion, which is the focus below.
Calibrated cropping and management (C) factor values are on the low end of
proposed range, but still within the range suggested in research literature (see Table 3), for
both the forest and reclaimed mine land surfaces. Low C factors have physical significance
in the forested and reclaimed mine land use and likely reflect the presence of morphologic
features that buffer sediment transport.

In the forested land, subsurface macropore

pathways increase rainfall infiltration rates and reduce the depth of runoff produced during
storm events (Sloan et al., 1983), which is then manifested as the low C factors.
Additionally, microtopography resulting from dense forest root mats and shielding from
leaf detritus further reduce sediment transport and hence forest C factor values. Calibrated
C factor values were an order of magnitude greater for the reclaimed mine site as compared
to the forest, which is to be expected considering the increase in event runoff generation
due to the high bulk density and low infiltration capacity of the soils on the reclaimed mine
relative to the neighboring forests (Acton et al., 2011). The fact that the C factor was on
the low end of suggested ranges for grassland reclaimed coal mine lands is reasonable
because the land surface was classified as ‘phase 3’ of reclamation where final reclamation
has been achieved (Fox, 2009). Erosion results in this region have shown erosion rates to
reduce drastically once the land surface has entered phase 3 reclamation (Curtis, 1978;
Bonta, 2000).
We parameterized the optimal RUSLE practice (P) factor as being equal to one,
which indicates that no anthropogenic practices, such as associated with terracing, exist in
the watershed to reduce soil loss (Renard et al., 1997). As will be shown in our connectivity
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results, we found that legacy-associated terracing occurred across the forest landscape of
this system. Anthropogenic terracing existed from farming the mountains in the 19th
century and early 20th century.

This farming and terracing was common in this

Appalachian forest region despite the steep slopes, and corn was grown for animal feeding,
human consumption and illegally producing alcohol regionally known as ‘moonshine’
(Kalisz, 1986; Stewart, 2003).

The legacy terracing typically would warrant

parameterization of a P factor less than one. However, our probability of connectivity
model results causes these terraced areas to become disconnected. Therefore, the land
surface area of the disconnected regions are not included in the calculation of mass flux
because mass flux is the product of generation via RUSLE soil loss estimates and the
probability of connectivity (see Equation 1). A P factor of less than one would overaccount for terracing and erroneously reduce the estimated sediment mass flux estimate.
For this reason, iterative calibration between RUSLE and connectivity modelling was
important to account for unforeseen dependency between variables in Equation (1). We
set the P factor as equal to unity to avoid the dependency in this instance.
Our results suggest coupled connectivity-erosion rate modelling incorporate
iterative, dual-calibration strategies where calibration of one model should feed-back or
loop into calibration of the second model. Our results present evidence of the utility of
such approach in two instances. First, as previously mentioned, we found that calibration
of the P factor in RUSLE was unnecessary upon multiplication of the RUSLE results with
𝑃𝑃(𝐶𝐶). In this regard, care should be taken by the researcher because parameterization of
the 𝑃𝑃(𝐶𝐶) model may sometimes alter RUSLE parameterization and calibration to avoid

unforeseen dependency between the formula. Second, we noticed that upon completing
RUSLE modeling that some landscape units in the forest were predicted to produce little
to no sediment although they were predicted to be connected according to 𝑃𝑃(𝐶𝐶). The lack
of generation as predicted with RUSLE indicates the magnitude of connectivity is in fact

weak on some landscape units such that sediment contribution from these areas is
negligible and can be classified as disconnected following the criteria/definition of
Heckmann et al., (2018); Wohl et al. (2018) and Ali et al. (2018). We present results from
determining event 𝑃𝑃(𝐶𝐶) with and without considering feedbacks between the models,
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referred to as initial calibration and final calibration in Table 6. Notably, considering the
feedback between the models and iterative calibration caused a reduction in overall
connectivity for all events.

The result ranges from 0.1% to 13.8% reduction in

connectivity, which is relatively high considering final connectivity ranges from 2.9% to
22.4%. This result and need for feedbacks between sediment generation and connectivity
estimates is corroborated by recent sentiment in the literature and highlights the importance
of considering not only the Boolean connectivity processes (e.g., Fryirs, 2013), but also the
magnitude or continuity of connectivity (Grant et al., 2018; Wohl et al., 2018).
The iterative, dual-calibration carried out for the probability of connectivity and
RUSLE in our study highlights both advantages of coupling connectivity with erosion
modelling and also points out unforeseen problems that could arise unless the researcher
uses caution. The advantages in calibration are by iterating models and inspecting results
qualitatively as well as assessing quantitative metrics, the researchers is able to arrive at a
better understanding of landscape processes and gain confidence in prediction. This
sentiment corroborates well with the recent connectivity literature where a number of
reviews discuss the importance of coupling connectivity simulations with erosion formula
yet at the same time highlight that few such studies are available and this topic is still
emerging (e.g., Ali et al., 2018; Heckmann et al., 2018; Wohl et al., 2019). Recent studies
by our group have shown the validity and advantages of coupling the probability of
connectivity within watershed modelling (Mahoney et al., 2018; 2019; 2020a,b); LopezVicente et al. (2015) coupled the Index of Connectivity erosion estimates to assess soil
redistribution at the plot scale; and other existing methods such as the hillslope sediment
delivery ratio show promise for quantifying watershed sediment flux using connectivity
theory with erosion estimates (Vigiak et al., 2012; Jamshidi et al., 2014; Hamel et al.,
2015).
However, the model evaluation results of this study point out the researcher should
use caution when coupling connectivity and erosion formula because parameters of the two
model types are not necessarily independent. In the present study, the process of terracing
impacts both erosion formula in the empirical RUSLE model and net connectivity
estimates for predicting the erodible surface area of the basin. We may have underpredicted watershed erosion, however, careful, iterative calibration allowed us to account
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for dependence of the models on one another. As permeations of coupling connectivity
models with erosion models take hold in future years, researchers should at the same time
develop new evaluation procedures with qualitative and quantitative checks-and-balances
to correct for unforeseen problems from model dependency.
5.4.2 Event 𝐏𝐏(𝐂𝐂) results: connectivity and disconnectivity in Appalachian forests and
minelands

Results highlight behavior of event-based connectivity in the Whitaker Branch

watershed. 𝑃𝑃(𝐶𝐶) results vary between 3.0% connected (event 8) and 36.2% connected

(event 5) at the watershed scale (see Table 5). This implies that 3.0% of the catchment and
36.2% of the catchment actively contribute sediment to the stream network during
respective events (Ambroise, 2004; Mahoney et al., 2018). 𝑃𝑃(𝐶𝐶) varied greatly between

land uses throughout the 12 events. Namely, 𝑃𝑃(𝐶𝐶) ranged from 34.4% to 57.1% in the
reclaimed mine (μ = 46.8%, σ = 8.1%) and 1.0% to 34.9% in the forested land (μ = 12.1%,

σ = 9.8%). We attribute the high percentages of connectivity in the reclaimed mine to
increased runoff production and hence energy available to transport sediment caused by
compaction of soils during reclamation processes.
Predicting the most connected pathways across the landscape was a notable result
of this study, and our spatially explicit 𝑃𝑃(𝐶𝐶) results highlight morphologic pathways most
sensitive to hydrologic activity in the Whitaker Branch watershed (Figs 5 and 6).

Specifically, our results indicate that landscape units within the reclaimed mine are
connected during hydrologic events of low magnitude, and remain connected during events
of increased hydrologic magnitude (see Fig. 5a – 5d). Events shown in Fig. 5, Fig. 6, and
Fig. 7 are approximately representative of minimum (event 8), 25% quartile (event 12),
75% quartile (event 1), and maximum (event 5) 𝑃𝑃(𝐶𝐶) results. Within the forest, we find
that only areas with large upstream contributing area within close proximity to the stream

network are connected during events with low hydrologic magnitude (see Fig. 5a and Table
2); and forest hillslopes only become connected during high magnitude events (Fig 5d).

Low connectivity on forested hillslopes in low and moderate events is attributed to the high
infiltration rates in forest soils due to soil texture and macropores (Khan and Ormsbee,
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1987). In contrast, connectivity occurs on both flat and steep reclaimed mine surfaces with
variable upstream contributing areas during events with low hydrologic activity (see Fig.
5a). The connectivity of reclaimed mines is attributed to runoff generation during low and
moderate events because of the high bulk density measured for the compacted reclaimed
mine sites (Acton et al., 2011). We classify the landscape units within the reclaimed mine
as highly sensitive, active pathways for this watershed since they are connected in much
greater proportions and more frequently than forested hillslopes. Morphologic features
promoting connectivity can be seen visually for both land cover types using orthophotos,
gradient models and our connectivity results (Fig 6). As shown, morphology causing
connectivity in both the forest and reclaimed mine land include: (1) concentrated flow paths
on steep surfaces in the forestland (Fig. 6a); (2) steep hillslopes between historic terracing
(Fig. 6b); and (3) surfaces throughout the reclaimed mine (Fig. 6c).
Disconnectivity of the landscape was another important result of this study, and
spatially explicit results also highlight morphologic buffers that disconnect sediments and
impede sediment transport throughout the watershed (see Fig. 6a – 6c; Fryirs, 2013). We
examine disconnectivity in Fig. 6 during the event with highest hydrologic activity (event
5), which highlights impedances due to structural watershed properties as opposed to
impedances from functional hydrologic variability (e.g., runoff depth or soil moisture
content). Fig. 6a indicates that even on the steepest surfaces, sediment connectivity seldom
occurs in forested hillslopes. The prevalence of disconnectivity on these hillslopes is
attributed to relatively high sand content of the soil texture and infiltration capacity of the
soil. These soil drainage characteristics limit runoff generation and fluid energy to detach
and transport sediment despite the steep hillslope gradient (i.e., average gradient = 0.51 m
m-1).

Other morphologic features influencing disconnectivity on forested hillslopes

include microtopography created from exposed tree roots and tree fall which promotes
localized pockets of very flat slopes (e.g., 0-10 degrees), decreasing fluid transport
capacity.

Also, Fig. 6b highlights disconnectivity due to historic terracing found

throughout the watershed. Locally flat swaths (see Fig 6b – slope) occur in contours
throughout forested hillslopes and decrease overland fluid energy available to detach and
transport sediment. We find that terraces particularly impacted the probability of
downstream sediment transport (𝑃𝑃(𝑇𝑇𝐻𝐻−𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 )) and cause localized regions where
192

deposition is likely. Disconnected landscape across the reclaimed mine was found to occur
near ridgelines and locally flat areas created during reclamation (seFig. 6c).
Disconnectivity near ridgelines occurs because with very little upstream contributing area
is available to accumulate water and produce shearing able to eroded sediment.
Disconnectivity of flat contours occurs because spoil is placed in lifts during surface mine
reclamation (e.g., Skousen and Zipper, 2014). Each lift is constructed with near constant
gradient with a slope length on the order of 50 meters in this study, and the lifts are
compacted in place. In between lifts, a near zero gradient berm of spoil is compacted across
the contour and is between 5 to 10 meter wide. These berms cause disconnectivity across
the mining landscape.
5.4.3 Functional and structural controls on 𝐏𝐏(𝐂𝐂)

Event variability of 𝑃𝑃(𝐶𝐶) sub-processes highlights structural and functional

behavior that controls connectivity throughout the Whitaker Branch watershed. Subprocess connectivity probabilities for the Whitaker Branch watershed are shown in Fig. 7a.

We find that generally functional control associated with the probability of
hydrologic detachment 𝑃𝑃(𝐷𝐷𝐻𝐻 ) controls overall probability of connectivity results in the
forest and the Whitaker Branch watershed as a whole (see Fig. 7a). 𝑃𝑃(𝐷𝐷𝐻𝐻 ) limits 𝑃𝑃(𝐶𝐶)

during all events at and below the 75% quartile (event 1, 8, 12), which indicates that

detachment processes control sediment transport and connectivity across most surfaces in

the Whitaker Branch watershed. Physically, this result is related to the very high infiltration
rates in most soils in the Whitaker Branch watershed, which limits runoff production and
hence sediment detachment. Only during the event with most extreme hydrologic activity
(event 5) did 𝑃𝑃(𝐷𝐷𝐻𝐻 ) not limit overall connectivity, which is not representative of average
connectivity conditions in the watershed. We notice similar trends in forest sub-process

probabilities (see Fig. 7b), which is to be expected considering forest land covers 94% of
the watershed.

Our results indicate notably different processes control the behavior of sediment
connectivity in the reclaimed mine, and the structural control and to a lesser degree the
functional control associated with the probability of hydrologic transport and detachment,
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respectively, play a role in the minelands (Fig. 7c). In nearly all events, the structurally
dependent probability of downstream hydrologic transport 𝑃𝑃(𝑇𝑇𝐻𝐻−𝐷𝐷𝐷𝐷𝐷𝐷 ) is the limiting
connectivity sub-process, indicating that structural watershed variables (e.g., slope, stream
density) limit connectivity in the reclaimed mine as opposed to functional variability (e.g.,

soil moisture content, runoff generation). One reason that this occurs is because soil texture
disturbance reduces infiltration rates such that storms frequently produce relatively large
runoff volumes compared to the surrounding forest. This results in elevated energy to
detach and transport sediment manifested within the model by increased probability of
functional sub-processes (𝑃𝑃(𝐷𝐷𝐻𝐻 ) and 𝑃𝑃(𝑇𝑇𝐻𝐻−𝑈𝑈𝑈𝑈 )), thus reducing functional control over
𝑃𝑃(𝐶𝐶) results.

Our findings add to an existing discussion of structural and functional control of

connectivity in other watersheds, and specifically our results relax the notion that
functional (dynamic) processes control sediment connectivity in all landscapes (Bracken
et al., 2015; Mahoney et al., 2018). Rather, based on our review and experiences, structural
connectivity shows the dominant control on connectivity for steep basins and/or during
high magnitude hydrologic events. Functional connectivity becomes more-and-more
controlling on net connectivity during for lower gradient basins, well-drained landscapes
and/or low and moderate hydrologic events.

For example, application of both the

probability of connectivity and index of connectivity methods showed the importance of
the dominant structural control for high magnitude events in the comparison by Mahoney
et al. (2020a). Results of this basin show the importance of structural control for the steep
Whitaker Branch catchment and structural control showing differences between land cover
types (see Fig. 8). Functional control associated with 𝑃𝑃(𝑇𝑇𝐻𝐻−𝑈𝑈𝑈𝑈 ) seldom limits 𝑃𝑃(𝐶𝐶) in the

Whitaker Branch watershed likely because: (i) soil moisture is relatively high in the
catchment promoting low critical slope thresholds to initiate rill and gully erosion; and (ii)
the steep slopes throughout the watershed easily overcome critical slope thresholds
necessary to initiate rill or gully development. On the other hand, recent study has shown
the importance of functional controls for lower gradient basins and lower magnitude
events. Mahoney et al., (2018) found in the Upper South Elkhorn watershed (65.1 km2), a
gently rolling catchment (average slope 0.07 m m-1) in central Kentucky, that sediment
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connectivity is generally controlled by the functional probability of upstream transport,
𝑃𝑃(𝑇𝑇𝐻𝐻−𝑈𝑈𝑈𝑈 ), which is a function of soil moisture content, slope, and upstream contributing
area. Soils within the Upper South Elkhorn are primarily silt loams and produce large
runoff volumes during events, thus promoting detachment of sediment. The relatively flat
slopes of the Upper South Elkhorn lack energy required to overcome critical slopes
requisite of rill and gully development, explaining the control of 𝑃𝑃�𝑇𝑇𝐻𝐻−𝑈𝑈𝑈𝑈 � on connectivity

in the Upper South Elkhorn.

5.4.4 Coupled 𝐏𝐏(𝐂𝐂) and RUSLE model reveals connectivity and sediment loss rates

Our coupled 𝑃𝑃(𝐶𝐶) and RUSLE model indicates that sediment yield from the

reclaimed mine is nearly two times the amount of sediment yield from the forest during the
simulation period (see Table 5). This result is significant because the reclaimed mine makes
up only 6.0% of the Whitaker Branch watershed. We find that soil loss rates (A) throughout
the reclaimed mine are approximately 30 times greater than the forest land. We emphasize
that this rate is normalized across the entire surface of the Whitaker Branch watershed (see
Eq. (9) and (10)) as opposed to surfaces where erosion actually occurs (see Eq. (11) and
(12)). When only considering soil loss on connected surfaces (AC), soil loss rates increase
by nearly an order of magnitude in the forest land use and by a factor of two in the reclaimed
mine (see Table 5). Increased simulated soil loss rates result from connected surfaces
occurring, on average, on 12.1% of the forest land use and 46.8% of the reclaimed mine.
We emphasize this result because AC soil loss rates are likely more realistic of soil loss
occurring in the Whitaker Branch watershed. From a management standpoint, this result
highlights pathways that should be targeted for remediation within the watershed. Mahoney
et al., (2018) found that approximately 90% of sediment is transported in during events
with greater than 3% connectivity, which gives us confidence that this analysis captures
the majority of important sediment transport events during 2007.
Spatially explicit 𝑃𝑃(𝐶𝐶) and RUSLE modeling extends our view of sediment

transport in the Whitaker Branch watershed and highlights connected pathways that

produce the most sediment in the watershed (see. Fig. 9). In the four events presented in
Fig. 9, soil loss rates within the reclaimed mine are greater than rates in the forest. This
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result highlights that the pathways most sensitive to connectivity are also pathways that
contribute the greatest soil loss rates. Spatially explicit results of the coupled 𝑃𝑃(𝐶𝐶) and

RUSLE model also highlight areas that are predicted to be connected but ultimately
produce little sediment (see for example Fig.5d and Fig. 9d). In particular, we find that

forested regions of the watershed north of Whitaker Branch are predicted to be connected
(Fig. 5d), yet produce zero or near zero soil loss, implying disconnectivity (Fig. 9d). We
attribute this result to particularly rocky soils located throughout the forested hillslopes that
increases effective critical shear stress of the soil and reduces potential for soil loss. This
result highlights the importance of considering connectivity’s magnitude in addition to the
extent of connectivity during connectivity simulations (Fryirs, 2013; Bracken et al., 2015;
Wohl et al., 2017).
Recent reclamation literature suggests that in addition to detrimentally impacting
rainfall and runoff infiltration processes, excessive compaction of reclaimed soils reduces
rates of native tree growth and promotes growth of short-rooted grasses (Acton et al.,
2011). Our spatially explicit results highlight that connectivity occurs frequently and soil
loss rates are greatest within the reclaimed mine. These results reflect findings from Fox
(2009) and Fox and Martin (2015). Angel et al. (2005) has suggested that one strategy to
improve soil stabilization and regrowth of native trees on reclaimed mines is to compact
soils and leave approximately 1 meter of loose spoil on top of compacted surface. This
method limits mass wasting and recreates soil conditions akin to forested land uses. Related
to the results herein, we suggest that this method likely decreases sediment connectivity
and soil loss in the reclaimed mine because reestablishment of native trees and recreation
of surface microtopography increases interception and infiltration of precipitation and
runoff.
We plotted event soil loss against probability of connectivity results (see Fig. 10)
and noticed a positive linear trend for both the forest (R2 = 0.95) and reclaimed mine (R2 =
0.55), implying a strong relationship exists between connectivity and soil loss.
Relationships between soil loss and connectivity in the forest and reclaimed mine show
trends of self-similarity, which implies that in steep watersheds, probability of connectivity
might be a predictor of normalized soil loss based on land use.
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Our results that P(C) is a good predictor of sediment yield agrees with findings
from Vigiak et al., (2012) who found that calibrated hillslope sediment delivery ratio
(HSDR), a function of the Index of Connectivity (Borselli et al., 2008), was well correlated
with specific sediment yield. Vigiak et al., (2012) linked HSDR and IC and found HSDR
predicted specific sediment yield well.
However, it is noteworthy that this result contrasts findings from Mahoney et al.,
(2018) and Mahoney et al., (2020a,b) where probability of connectivity was poorly
correlated with soil loss and sediment yield (R2 = 0.26 and R2 = 0.007, respectively). This
is because connectivity simulations presented in Mahoney et al., (2018; 2020a,b) were
conducted in the much flatter Upper South Elkhorn watershed. We find that sub-processes
controlling connectivity vary in the Whitaker Branch and Upper South Elkhorn watershed.
Specifically, in the Whitaker Branch watershed, the probability of hydrologic detachment,
𝑃𝑃(𝐷𝐷𝐻𝐻 ), a function of runoff depth and slope, controls 𝑃𝑃(𝐶𝐶) results. Variability of soil loss
(A), as determined by RUSLE, is also largerly a function of event rainfall and runoff, which

may explain the good relationship. The contrasts the Upper South Elkhorn where 𝑃𝑃(𝐶𝐶) is

largely controlled by 𝑃𝑃(𝑇𝑇𝐻𝐻−𝑈𝑈𝑈𝑈 ). This implies that such self-similarity is only realized in

certain systems with very steep slopes where rill and gully development does not control
sediment transport.

5.5 CONCLUSION
The conclusions of this study are as follows:
(1) We find that the coupled probability of connectivity and RUSLE model is able
to simulate sediment transport from forested and reclaimed mine hillslopes well, so long
as overlap between the models is accounted for. An ensemble of sediment concentration
data, sediment fingerprinting results, and field reconnaissance from previous studies gives
confidence to our calibration. Our model evaluation results are consistent with recent
sentiment in the literature supporting the coupling of connectivity and erosion formula.
However, our evaluation also point out unforeseen dependencies between connectivity
formula and RUSLE that need to be accounted for when the models are coupled together.
We suggest future modelling of connectivity and RUSLE together should consider
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incorporating feedback calibration schemes, as was carried out in this study, to resolve
potential overlap and discrepancies between connectivity modelling and RUSLE
modelling.
(2) Results show, on average, 12% of the drainage area of Appalachian forests was
connected and 47% of the drainage area of reclaimed minelands was connected for the
hydrologic events studied. Sensitive connected pathways occur at concentrated flow paths
on steep surfaces in the forest and more generally across the steep surfaces of the
minelands. Disconnectivity occurs due to legacy terracing observed in the forest, the high
sand content of the forest soils that increase water infiltration, and constructed berms
between compacted spoil lifts on the reclaimed mine.
(3) Our results generally point to structural control as dominating net connectivity
in this study, which is contrary to the notion that functional (dynamic) processes control
sediment connectivity in all landscapes. Structural connectivity shows the dominant
control on connectivity for steep basins and/or during high magnitude hydrologic events.
Functional connectivity becomes more-and-more controlling on net connectivity during
for lower gradient basins, well-drained landscapes and/or low and moderate hydrologic
events.
(4) The soil loss rates of the reclaimed mine are approximately 30 times greater
than the forest land despite the fact that the reclamation is classified as phase 3. Soil loss
rates that consider spatially explicit connectivity are, on average, an order of magnitude
higher in the forested land use and double in the reclaimed mine compared to analyses that
assume lumped contributions from land uses. From a management perspective, spatially
explicit results highlights pathways that should be targeted for remediation. Reforestation
has been promoted in the region, and this study supports the idea that reforestation will
likely decrease sediment connectivity and soil loss in the reclaimed mine because
reestablishment of native trees and recreation of surface microtopography increases
interception and infiltration of precipitation and runoff.
(5) Relationships between soil loss and connectivity in the forest and reclaimed
mine show trends of self-similarity, which implies that in steep watersheds, probability of
connectivity might be a predictor of normalized soil loss based on land use. This topic
remains somewhat open because one recent study agrees with our findings but others
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suggest the probability of connectivity can be poorly correlated with soil loss and sediment
yield in some basins.
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5.7 APPENDIX A: PROBABILITY OF CONNECTIVITY MODEL EQUATIONS
1, if sediment is present within the cell
(A.1)
𝑃𝑃(𝑆𝑆)𝑖𝑖𝑖𝑖 = �
0, if sediment is absent within the cell
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

(𝑅𝑅𝑖𝑖 −𝐼𝐼𝑎𝑎 )2

(A.2)

𝑅𝑅𝑖𝑖 −𝐼𝐼𝑎𝑎 +𝑆𝑆

𝑆𝑆𝑊𝑊𝑡𝑡 = 𝑆𝑆𝑊𝑊0 + ∑𝑡𝑡𝑖𝑖=1�𝑅𝑅𝑖𝑖 − 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐 − 𝐸𝐸𝑎𝑎 − 𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑄𝑄𝑔𝑔𝑔𝑔 �

(A.3

𝜏𝜏𝑓𝑓 𝑖𝑖𝑖𝑖 = 𝛾𝛾𝐻𝐻𝑖𝑖𝑖𝑖 𝑆𝑆𝑗𝑗

(A.5)

𝑃𝑃(𝐷𝐷𝐻𝐻 )𝑖𝑖𝑖𝑖 = �

1, if 𝜏𝜏𝑓𝑓 𝑖𝑖𝑖𝑖 − 𝜏𝜏𝑐𝑐𝑐𝑐 𝑗𝑗 > 0
0, if 𝜏𝜏𝑓𝑓 𝑖𝑖𝑖𝑖 − 𝜏𝜏𝑐𝑐𝑐𝑐 𝑗𝑗 ≤ 0

(A.4)

𝑃𝑃(𝑇𝑇𝐻𝐻 )𝑖𝑖𝑖𝑖 = 𝑃𝑃�𝑇𝑇𝐻𝐻−𝑢𝑢𝑢𝑢 �𝑖𝑖𝑖𝑖 𝑃𝑃(𝑇𝑇𝐻𝐻−𝑑𝑑𝑑𝑑𝑑𝑑 )𝑖𝑖𝑖𝑖

(A.6)

𝑆𝑆𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖 = 𝑎𝑎𝑗𝑗 𝐴𝐴𝑗𝑗−𝑏𝑏

(A.8)

𝑃𝑃�𝑇𝑇𝐻𝐻−𝑢𝑢𝑢𝑢 �𝑖𝑖𝑖𝑖 = �

1, if 𝑆𝑆𝑗𝑗 − 𝑆𝑆𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖 > 0
0, if 𝑆𝑆𝑗𝑗 − 𝑆𝑆𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖 ≤ 0

(A.7)

𝑆𝑆𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖 = 0.73𝑐𝑐𝑖𝑖 𝑒𝑒 1.3𝑅𝑅𝑅𝑅𝐶𝐶𝑖𝑖 �0.00124𝑆𝑆0.05 𝑖𝑖𝑖𝑖 − 0.37�𝐴𝐴𝑗𝑗−0.38
1.15

1000

𝑆𝑆0.05 = 0.819 �25.4 � 𝐶𝐶𝑁𝑁 − 10�
𝑖𝑖𝑖𝑖

∑ 𝑆𝑆𝑢𝑢𝑢𝑢

�

1, if 𝑆𝑆𝑗𝑗 − 𝑁𝑁 > 0
𝑃𝑃(𝑇𝑇𝐻𝐻−𝑑𝑑𝑑𝑑𝑑𝑑 )𝑗𝑗 = �
∑ 𝑆𝑆𝑢𝑢𝑢𝑢
0, if 𝑆𝑆𝑗𝑗 − 𝑁𝑁 ≤ 0
𝑃𝑃(𝐵𝐵)𝑗𝑗 = �

(A.9)
(A.10)

(A.11)

1, if disconnectivity exists
0, if disconnectivity does not exist
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(A.12)

5.8 APPENDIX B: LIST OF SYMBOLS
𝑃𝑃(𝐶𝐶)
=
probability of sediment connectivity
𝑃𝑃(𝑆𝑆)
=
probability of sediment supply
𝑃𝑃(𝐷𝐷𝐻𝐻 )
=
probability of hydrologic detachment
=
probability of nonhydrologic detachment
𝑃𝑃(𝐷𝐷𝑁𝑁𝐻𝐻 )
𝑃𝑃(𝑇𝑇𝐻𝐻 )
=
probability of hydrologic transport
𝑃𝑃(𝑇𝑇𝑁𝑁𝑁𝑁 )
=
probability of nonhydrologic transport
𝑃𝑃(𝐵𝐵)
=
probability of buffers
𝑆𝑆𝑆𝑆𝑡𝑡
=
final soil water content
𝑆𝑆𝑆𝑆0
=
initial soil water content
𝑅𝑅𝑖𝑖
=
amount of precipitation
=
amount of surface runoff
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐸𝐸𝑎𝑎
=
amount of evapotranspiration
𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
=
amount of lateral flow
=
amount of return flow
𝑄𝑄𝑔𝑔𝑔𝑔
𝑆𝑆
=
retention parameter
𝐼𝐼𝑎𝑎
=
initial abstraction
CN
=
curve number
𝜏𝜏𝑓𝑓
=
fluid shear stress
𝜏𝜏𝑐𝑐𝑐𝑐
=
critical shear stress of the eroding surface
S
=
slope of geospatial cell
Scr
critical slope required to initiate ephemeral gully incision of cell
=
a
=
local climate and land use and soil characteristics of geospatial cell
A
=
upstream drainage area of geospatial cell
b
=
connectivity runoff turbulence exponent
S0.05
=
maximum potential loss to runoff
RFC
=
rock fragment cover of the soil
c
=
connectivity rill/gully threshold coefficient
N
=
number of upstream cells flowing in cell
∑ 𝑆𝑆𝑢𝑢𝑢𝑢
=
sum of the slopes of each cell upstream of cell
𝑃𝑃(𝑇𝑇𝐻𝐻−𝑑𝑑𝑑𝑑𝑑𝑑 )𝑗𝑗 =
probability of downstream hydrologic transport
𝑃𝑃�𝑇𝑇𝐻𝐻−𝑢𝑢𝑢𝑢 �𝑖𝑖𝑖𝑖 =
probability of hydrologic transport from upstream
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Table 5.1. Data inputs and model requirements
Data Type
1.5 m x 1.5 m DEM
Land Use/Land Cover Data
Precipitation
Soil Type
Runoff
Daily Curve Number
Event EI
Soil K
Landscape LS
Total Suspended Solids Samples
𝛿𝛿 13 C 𝛿𝛿 15 N Sediment Samples
Sediment Fingerprinting
Soil Loss
Watershed Slope

Source
KYAPED (2014)
NLCD (2006)
NOAA (2007)
USDA (2016)
Hydrologic Simulation (SWAT)
Hydrologic Simulation (SWAT)
NOAA (2020)
USDA (2016)
KYAPED (2014)
Fox and Martin (2015)
Fox and Martin (2015)
Fox (2009); Fox and Martin (2015)
Fox and Martin (2015)
Fox (2009)
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Table 5.2. Event hydrologic parameters including precipitation, average simulated runoff
and curve number across Whitaker Branch watershed, and EI, as calculated using
Appendix B of Renard et al., (1997).
Total
Avg. SWAT Avg.
EI
Event Date Begin Date End Precip. Runoff
SWAT
(MJ∙mm∙
(mm)
(mm)
Daily CN [ha∙h]-1)
1
3/1/2007
3/1/2007 21.8
1.1
73.1
176.7
2 3/16/2007 3/16/2007 18.0
0.6
73.3
100.4
3
4/3/2007
4/4/2007 16.3
0.4
73.4
100.3
4 4/11/2007 4/11/2007 18.3
0.6
73.4
93.7
5 4/14/2007 4/15/2007 52.8
11.3
73.5
412.4
6 4/27/2007 4/27/2008 22.1
1.2
73.7
185.2
7 7/11/2007 7/11/2007 20.1
0.7
70.0
112.3
8 7/19/2007 7/19/2007 13.5
0.2
69.3
49.1
9 7/24/2007 7/24/2007 14.7
0.3
70.7
67.8
10
8/2/2007
8/2/2007 30.2
2.5
71.5
233.3
11
8/5/2007
8/5/2007 14.0
0.2
71.6
64.8
12 10/24/2007 10/24/2007 19.8
0.6
63.8
91.4
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Table 5.3. Connectivity and RUSLE parameter ranges. b, c, τcr, CMine, and CForest are
calibrated parameters. EI, LS, K, and P are inputs.
Parameter Description
Range
Connectivity runoff
b
0.1-0.5
turbulence exponent
Connectivity
c
rill/gully threshold 0.1-1.0
coefficient
τcr
EI
CMine

Critical shear stress

0.5-20.0

RUSLE
storm
Varies
erosivity parameter
RUSLE
cropping
and
management
0.001-0.1
factor for reclaimed
mines

Units
Unitless

Torri and
(2014)

Pascal

Renard et al., (1993);
Hanson and Simon
(2001)

MJ∙mm∙
[ha∙h]-1
Unitless

RUSLE
cropping
and
management 0.0001-0.01
factor for forest land

Unitless

LS

RUSLE slope length
and
steepness Varies
parameter

m∙m-1

K

RUSLE
soil
0.0-0.37
erosivity parameter

P

RUSLE
parameter

0.0-1.0
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Poesen

Unitless

CForest

practice

Source
Torri and
(2014)

Poesen

Renard et al., (1997)
Wischmeier
and
Smith
(1978);
Dissmeyer and Foster
(1980)
Wischmeier
and
Smith
(1978);
Dissmeyer and Foster
(1980)
Renard et al., (1997)

tonne∙ha∙hr∙
[ha∙MJ∙mm]- Renard et al., (1997)

1

Unitless

Renard et al., (1997)

Table 5.4. Optimal parameter values for connectivity and RUSLE models
Parameter
b
c
τcr
CMine
CForest

Description
Connectivity

runoff

turbulence

rill/gully

threshold

exponent
Connectivity
coefficient
Critical shear stress (Average)
RUSLE cropping and management
factor for reclaimed mines
RUSLE cropping and management
factor for forest land

204

Value

Units

0.38

Unitless

0.5

Unitless

3.75

Pascal

0.006

Unitless

0.0006

Unitless

Table 5.5. Results of probability of connectivity, soil loss from connected surfaces (AC), soil loss rate (A) and sediment
yield (SY) Observed sediment loss from forest and reclaimed mine land uses for 2007 are included.
Event
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1
2
3
4
5
6
7
8
9
10
11
12
Sum
Obs.

P(C)
Forest
Mine
16.7%
52.60%
12.60%
49.60%
5.40%
37.90%
12.90%
50.30%
34.90%
57.10%
19.90%
52.70%
10.30%
50.50%
1.00%
34.40%
1.20%
35.40%
22.40%
54.80%
1.30%
35.10%
6.60%
50.50%
Avg.
12.10%
46.80%

AC (tonne ha-1)

A (tonne ha-1)

SY (tonne)

Forest
Mine
0.054
0.508
0.037
0.308
0.027
0.318
0.037
0.307
0.071
1.171
0.051
0.559
0.041
0.36
0.017
0.16
0.023
0.212
0.056
0.697
0.023
0.212
0.026
0.255
0.462
5.068

Forest
Mine
0.009
0.267
0.005
0.153
0.001
0.121
0.005
0.155
0.025
0.669
0.01
0.294
0.004
0.182
0
0.055
0
0.075
0.012
0.382
0
0.074
0.002
0.129
0.074
2.557
0.08
2.5

Forest Mine
2.212
4.27
1.167
2.445
0.36
1.931
1.191
2.471
6.143 10.694
2.488
4.701
1.028
2.905
0.042
0.879
0.068
1.202
3.081
6.106
0.076
1.19
0.42
2.062
18.28
40.86

Table 5.6. Probability of connectivity results using initial calibration and final calibration
after considering the iterative feedback loop using RUSLE for the entire Whitaker Branch
Watershed.
Event

1
2
3
4
5
6
7
8
9
10
11
12

P(C) – Initial P(C) – Final
calibration
calibration
18.8%
13.7%
14.9%
12.3%
7.3%
5.5%
15.2%
12.5%
36.2%
22.4%
21.9%
14.0%
12.7%
10.2%
3.0%
2.9%
3.3%
3.2%
24.4%
13.9%
3.4%
3.3%
9.3%
7.5%
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Figure 5.1. Whitaker Branch watershed (2.63 km2) maps in Letcher County, Kentucky
including: (a) slope; (b) soil type; (c) elevation; (d) land use and land cover including stream
network, forest land (2.47 km2) and reclaimed mine (0.16 km2); and (e) location of Whitaker
Branch in Kentucky, USA.
(b)

(a)

(c)

(d)

(e)
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Figure 5.2. Conceptual models of sediment connectivity on (a) steep, forested hillslopes
and (b) on reclaimed mine land that has been converted to grassland. The following
processes are highlighted for steep, forested hillslopes: (1) dense tree canopy increases
rainfall interception; (2) frequent presence of subsurface macropores increases infiltration
rates and creates preferential flow pathways; (3) sparse concentrated flowpaths transport
water and sediment rapidly to stream networks; and (4) attenuated slowflow pathways
contribute to baseflow following events. The following processes are highlighted for
reclaimed mine lands: (5) conversion to grassland decreases interception rates; (6)
compaction of earth during reclamation reduces macropore flow and decreases infiltration
rates; and (7) prevalent overland flow pathways efficiently transport water and sediment.
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Figure 5.3. Probability of connectivity parameterization, adapted from Mahoney et al.,
(2018).
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Figure 5.4. Sediment flux evaluation flowchart that considers sediment connectivity and
erosion simulated via RUSLE.
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Figure 5.5. Spatial probability of connectivity results for four events of increasing hydrologic
magnitude in the Whitaker Branch watershed including: (a) 3.0% connectivity during event 8
(July 24, 2007); (b) 9.3% connectivity during event 12 (October 24, 2007); (c) 18.8% connectivity
during event 1 (March 1, 2007); and (d) 36.2% connectivity during event 5 (April 14, 2007).
These events approximately represent the minimum (event 8), 25% quartile (event 12), 75%
quartile (event 1), and maximum (event 5) 𝑃𝑃(𝐶𝐶) results.
(a)

(b)

(d)

(c)
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Figure 5.6. Probability of connectivity results
reveals

connected

and

disconnected

(a)

morphologic features. Imagery, slope, and
probability of connectivity results are shown
for three locations within the Whitaker Branch
watershed. (a) Connectivity from concentrated
forest

pathways

on

steep

slopes

and

disconnectivity due to soil texture and fast
drainage. (b) Connectivity caused by steep

(b)

slopes and disconnectivity from historic
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terracing found throughout the watershed. (c)
Connectivity within the reclaimed mine and
disconnectivity on flat ridgelines created
during reclamation

(c)

(a)
(c)
(b)

Figure 5.7. Variability of sediment connectivity probabilities, including the probability of
sediment supply, P(S), probability of downstream hydrologic transport, P(TH-DWN),
probability of upstream hydrologic transport, P(TH-UP), probability of hydrologic
detachment, P(DH) and probability of connectivity, P(C). Probabilities are shown for
selected events in (a) Whitaker Branch, (b) forested land uses, and (c) reclaimed mine land.
These events approximately represent the minimum (event 8), 25% quartile (event 12),
75% quartile (event 1), and maximum (event 5) 𝑷𝑷(𝑪𝑪) results.
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Figure 5.8. Results of (a) probability of connectivity, (b) probability of hydrologic detachment
and (c) probability of hydrologic upstream transport for each of the 12 hydrologic events for
forest and reclaimed mining surface cover.
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8

9

10

11

12

Figure 5.9. Spatially-distributed erosion and connectivity results. Distributed connectivity
and RUSLE results for four events of increasing probability of connectivity in the Whitaker
Branch watershed including: (a) event 8 (July 24, 2007) with 3.0% connectivity; (b) event
12 (October 24, 2007) with 9.3% connectivity; (c) event 1 (March 1, 2007) with 18.8%
connectivity; and (d) event 5 (April 14, 2007) with 36.2% connectivity.
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Figure 5.10. Soil loss for land uses versus probability of connectivity results.
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Chapter 6. Formulating the probability of connectivity within the sediment
continuity equation shows lithological barriers control stream geometry and
sediment (dis)connectivity in low gradient stream

6.0 ABSTRACT
Structural properties of stream networks are well-known to influence stream evolution,
morphology, hydraulics, and sediment transport. However, impacts of structural barriers
on longitudinal sediment transport are understudied with respect to quantitative perception
of timescales and controls of instream erosion and deposition dynamics, especially in lowgradient systems. Herein, we couple field reconnaissance observations with instream
numerical modeling to improve conceptual understanding of longitudinal connectivity in
low-gradient systems and formulate instream connectivity equations coupled with
sediment continuity. Our objective was to better understand timescales and thresholds
associated with control of instream barriers on sediment connectivity and transport
processes. We apply framework to the low-gradient, bedrock controlled Upper South
Elkhorn watershed.
Field investigation suggests the stream profile is locally controlled by lithology for
the low gradient bedrock system studied and specifically behave as barriers to sediment
transport. Our results suggest morphologic control of the pool:riffle length ratio for the
stream network is due to dissolution of fluviokarst landscape to create the hilly topography
typical of karst terrain in this region. We develop a conceptual model of the behavior and
timescales of barrier activity based on our field investigations.
Our numerical model represented the bedrock riffles as discontinuous barriers that
can be breached, and sediment transport modelling results were found to agree well with
our field investigation of sediment transport. We compared model results for spatially
explicit consideration of riffle-morphology with implicit consideration and found that
while both models adequately simulated sediment flux according to traditional watershed
modeling objective functions, explicit simulation of riffle-pool morphology and variable
stream gradient during hydraulic regimes better predicted event-to-event sediment flux and
recession dynamics. Probability of connectivity and probability of continuity results
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indicate that bedrock outcrops behave discontinuously with respect to erosion, deposition,
and connectivity, supporting early geomorphologic frameworks of such systems.
6.1 INTRODUCTION
Structural properties of stream networks are well-known to influence stream
evolution, morphology, hydraulics, and sediment transport (e.g., Schumm, 1954; Leopold
et al., 1964; Henderson, 1966; Chorley and Kennedy, 1971; Chang, 1888; Fryirs et al.,
2007; Fryirs, 2013). For example, lithology is well-established as a structural control of
instream longitudinal profile, bed material, and particle size (Hack, 1957; Leopold et al.,
1964; Wainwright et al., 2011) and plays important roles in resistance and non-uniformity
in streams (Phillips, 2003; Toone et al., 2014). We find, however, that impacts of structural
barriers on longitudinal sediment transport are understudied with respect to quantitative
perception of timescales and controls of instream erosion and deposition dynamics,
especially in low-gradient systems (e.g., Mahoney et al., 2018; Mahoney et al., 2019). An
increasingly promising approach to view and quantify impacts of structural elements on
streambed morphology and longitudinal sediment transport is through the lens of
connectivity theory (see Fryirs, 2013; Bracken et al., 2015; Heckmann et al., 2018). Over
the last two decades, quantification of sediment connectivity has been forded primarily
using: (1) visual connectivity assessments and (2) numerical models and indices of
connectivity (e.g., Borselli et al., 2008; Mahoney et al., 2018; Heckmann et al., 2018).
Coupling connectivity measurements with watershed and sediment transport models has
recently shown promise for improving sediment simulations and representing impacts of
structural properties at quasi spatially and temporally-explicit resolutions (Vigiak et al.,
2012; Heckmann et al., 2018; Mahoney et al., 2018). We find that coupled connectivity
and sediment transport models have seldom been leveraged to quantify structural barriers
in low-gradient stream networks.
Our motivation was to better understand structural watershed properties that control
sediment transport and sediment connectivity in low-gradient stream networks by coupling
the sediment continuity equation with longitudinal sediment connectivity simulations and
field reconnaissance. We applied the model to a low-gradient, bedrock controlled stream
network in the Inner Bluegrass region of Kentucky, USA. This paper served the
motivations of: (1) formulating instream connectivity equations coupled with sediment
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continuity for the first time, to our knowledge; (2) coupling field reconnaissance
observations with instream numerical models to improve conceptual understanding of
longitudinal connectivity in low-gradient systems; and (3) understanding timescales and
thresholds associated with control of instream barriers on sediment connectivity and
transport processes.
In this study, we seek to better understand lithological controls of stream
morphology and sediment transport, and specifically quantify the timescales and thresholds
associated with the activity and inactivity of such controls. One such example of
lithological controls in stream networks includes bedrock outcrops which obtrude from
streambanks, are locally resistant to erosion, and function as instream hydraulic controls
(e.g., Chang et al., 1988; Toone et al., 2014, Wohl, 2015, Mahoney et al., 2018). In steepgradient systems, bedrock controls have been observed to promote deposition through the
formation of riffle-pool sequences that “filter” course grained sediment, thus winnowing
suspended sediment loads. Instream bedrock sequencing has been identified by a number
of researchers (e.g., Toone et al., 2014; Wohl, 2015) to importantly influence sediment
dynamics in stream networks, and is recognized as an important feature of structural
watershed properties (i.e., Wainwright et al., 2011; Heckmann et al., 2018).
In this study, we seek to better understand the control of lithology and bedrock
outcrops on sediment transport within the context of low-gradient stream networks. We
find that systems with low-gradient streams perhaps are understudied with respect to
quantification of bedrock outcrop control on sediment transport. The upland morphology
of low-gradient systems typically is considered as “gently rolling” with relatively stable
land surfaces and ephemeral pathways (Jarrit and Lawrence, 2007; Ford and Fox, 2014)
and contributes supply of sediment to the stream when hydrologic connectivity is
established (Mahoney et al., 2018). The low-gradient nature of the stream network
promotes instream deposition and sediment storage (McGrain, 1983). We find that
previous study of lithological control of instream sediment transport has previously been
investigated primarily in steep-gradient systems (e.g., Toone et al., 2014; Wohl, 2015), and
that low-gradient systems are understudied.
To quantify impacts of lithological controls such as bedrock outcrops on
longitudinal sediment transport, we suggest coupling traditional sediment continuity model
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structures with sediment connectivity theory. We define sediment connectivity as an
emergent system property that reflects the strength and continuity of sediment linkages
between and within system compartments over a specified timescale (see Heckmann et al.,
2018; Wohl et al., 2019). Utility of the sediment connectivity framework has been
leveraged to qualitatively and quantitatively describe active and inactive sediment
pathways in variable dimensions of the sediment cascade and for variable timescales
(Fryirs et al., 2007; Fryirs, 2013; Ali et al., 2018). For example, recent sentiment has
emphasized the conceptualization of connectivity in lateral, longitudinal, and vertical
dimensions in order to better understand morphologic features that impede transport
(Fryirs, 2013), termed as buffers, barriers, and blankets (Fryirs et al., 2007; Fryirs, 2013).
We find usefulness in framing the control of instream lithology in terms of buffers, barriers,
and blankets because, conceptually, lithology has been understood to control instream
sediment transport processes for many years (e.g., Hack, 1957; Leopold et al., 1964).
Conceptual frameworks to understand the timescales and thresholds of when barriers are
active and inactive, and hence longitudinal connectivity, have been well developed over
the past decade in the geomorphology and engineering communities (e.g., Hooke, 2003;
Borselli et al., 2008; Fryirs, 2013; Bracken et al., 2015; Gran and Czuba, 2017; Ali et al.,
2018; Mahoney et al., 2018). Recent developments to understand connectivity from both
qualitative and quantitative perspectives include field assessments (e.g., Borselli et al.,
2008; Wohl et al., 2017) and numerical models and indices (e.g., Borselli et al., 2008;
Cavalli et al., 2013; Crema and Cavalli, 2018; Heckmann et al., 2018; Mahoney et al.,
2018).
The value of field-based connectivity knowledge has been recognized by many
researchers (e.g. Brierley et al., 2006; Fryirs et al., 2007; Borselli et al., 2008; LexartzaArtza and Wainwright, 2009), and connectivity field assessments have thus become a
cornerstone of sediment connectivity analyses (Bracken and Croke, 2007; Fryirs et al.,
2007; Borselli et al., 2008; Lexartza-Artza and Wainwright, 2009; Messenzehl et al., 2014;
Bracken et al., 2015; Marchamalo et al., 2016; Mahoney, 2017; Wohl et al., 2017).
Examples of field assessments include field-based connectivity maps (Hooke 2003;
Messenzehl et al., 2014); the field index of connectivity (FIC; Borselli et al., 2008), and
field-based connectivity rankings (Wohl et al., 2017), which have been leveraged to infer
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connectivity processes and validate connectivity assessments from geospatial analyses
(Borselli et al., 2008; Wohl et al., 2017). We posit that similar visual-based strategies have
promise to better understand the impact of lithology and bedrock outcrops on sediment
transport and connectivity from a conceptual standpoint.
Indices and models have also been leveraged to gain qualitative and quantitative
insight to connectivity processes and have been developed in tandem with field-based
methods (Fryirs et al., 2007; Borselli et al., 2008; Heckman and Schwanghart, 2013; Gran
and Czuba, 2017; Mahoney et al., 2018). Examples of such analyses include: (1) indexbased assessments of connectivity (see Heckmann et al., 2018 for review); (2) effective
catchment area simulations (Fryirs et al., 2007; Nicoll and Brierley, 2017); and (3)
network-based connectivity simulations (Heckmann and Schwanghart, 2013; Czuba and
Foufoula-Georgiou, 2014). Fryirs et al., (2007) and Nicoll and Brierley (2017) showed
promising development of coupling effective catchment area estimates with field-based
knowledge of buffers, barriers, and blankets to quantify sediment connectivity over long
timescales.
One direction in which connectivity application is currently underdeveloped is
consideration of functional connectivity (e.g., a system’s processes dynamics due to
hydrologic forcings; Wainwright et al., 2011; Heckmann et al., 2018) in model structures.
Current frameworks, including the widely popular Index of Connectivity (see Borselli et
al., 2008) and derivatives thereof (e.g., Cavalli et al., 2013), tend to capture structural tenets
of connectivity well, but are generally dissociated from functional processes that limit
connectivity at event and seasonal timescales (Bracken et al., 2015; Heckmann et al., 2018;
Zingaro et al., 2019; Mahoney et al., 2020). Explicit consideration of structural and
functional processes poses as one method to advance quantification of connectivity at high
spatial and temporal resolutions and improve understanding of instream controls of
sediment connectivity such as bedrock barriers (e.g., Bracken et al., 2015; Mahoney et al.,
2018; Wohl et al., 2019). In this manner, we seek to improve structural and functional
representation of longitudinal connectivity using field assessments and numerical models
to quantify timescales when barriers are active and thresholds when barriers are deactivated
in low-gradient systems (Ali et al., 2018; Keestra et al., 2018).
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Another application of connectivity theory that is currently underdeveloped is
incorporation of connectivity formulae within instream sediment transport model
structures. Connectivity serves to improve the spatial and temporal resolution of instream
sediment continuity simulations, as suggested by recent connectivity literature (e.g.,
Heckmann et al., 2018; Wohl et al., 2019) and successful demonstration in watershed
uplands (Mahoney et al., 2018; Mahoney et al., 2020a; Mahoney et al., 2020b). However,
we find a lack of consideration of connectivity theory in instream sediment transport
modeling. Herein, we couple instream sediment continuity equations with probability of
connectivity and probability of continuity theory from Mahoney et al., (2018; 2020a) and
formulate equations for low-gradient instream networks. We hypothesize that such
considerations might broaden our view of instream erosion and deposition processes in
low-gradient systems in the light of being “continuous” or “discontinuous”, where the
former is defined as a process that occurs gradually or continuously, and the latter is defined
as a process that occurs and ceases abruptly (Toone et al., 2014; Grant et al., 2017).
Objectives of this paper include: (1) formulating and conducting field assessments
of sediment connectivity to gain conceptual understanding of the function of lithological
controls related to sediment transport processes; (2) formulating the instream sediment
continuity equation to explicitly include probability of connectivity theory; (3) utilizing the
coupled model to predict sediment flux; and (4) identifying the timescales and thresholds
associated with instream morphologic features to impart longitudinal and vertical
(dis)connectivity, such as bedrock outcrops. We hope to further understand erosion and
depositional processes in the light of continuity and discontinuity through this
investigation.
6.2 THEORETICAL DEVELOPMENT
We extend the probability-based approach described in Mahoney et al., (2020a) to
predict instream sediment flux and connectivity. We leverage probability theory to
simulate flux given the stochastic nature of sediment transport and heterogeneity of
instream sediment processes (Gessler, 1971; Hargrave and Burns, 1979; Wright and
Webster, 1991; Borselli et al., 2008; Mahoney et al., 2018). Flux is formulated for stream
reaches that have varying water and sediment variables as
𝑚𝑚̇𝑖𝑖𝑖𝑖 = 𝐺𝐺𝑖𝑖𝑖𝑖 �𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝛾𝛾)𝑖𝑖𝑖𝑖 �

(1)
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where m is sediment flux, 𝐺𝐺 is the instream sediment generation rate, 𝑃𝑃(𝐶𝐶) is the
probability of instream sediment connectivity representing the spatial extent (i.e., spatial
patterns) of connectivity, 𝑃𝑃(𝜏𝜏) is the probability of sediment timing representing active

time for eroded sediment to reach a specified stream location, 𝑃𝑃(𝛾𝛾) is the probability of

sediment (dis)continuity representing continuity of connectivity within the reach, 𝑖𝑖 is the
temporal step, and 𝑗𝑗 is the spatial step. We expand Eq. 1 to formulate instream sediment
flux and consider the sediment continuity equation as:

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= �𝐸𝐸𝑖𝑖𝑖𝑖 + 𝑆𝑆𝑆𝑆𝑖𝑖−1 𝑗𝑗 + 𝑆𝑆𝑆𝑆𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖 − 𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑡𝑡𝑖𝑖𝑖𝑖 + 𝑆𝑆𝑆𝑆𝑢𝑢𝑝𝑝𝑖𝑖𝑖𝑖 � �𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝛾𝛾)𝑖𝑖𝑖𝑖 �

(2)

where SS is suspended sediment load, in is sediment entering the reach, out is sediment
exiting the reach, and E is the erosion rate from the bed. Considering sediment flux and
integrating Eq. 2 in time yields the following:
𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖 = �𝑆𝑆𝑆𝑆𝑖𝑖−1 𝑗𝑗 + 𝐸𝐸𝑖𝑖𝑖𝑖 + Δ𝑡𝑡�𝑄𝑄𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑄𝑄𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑄𝑄𝑄𝑄𝑄𝑄𝑢𝑢𝑢𝑢 ���𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝛾𝛾)𝑖𝑖𝑖𝑖 � (3)
We expand Eq. 3 using the distributed property as

𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖 = �𝐸𝐸𝑖𝑖𝑖𝑖 ��𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝛾𝛾)𝑖𝑖𝑖𝑖 � + �𝑆𝑆𝑆𝑆𝑖𝑖−1 𝑗𝑗 ��𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝛾𝛾)𝑖𝑖𝑖𝑖 � +

Δ𝑡𝑡[𝑄𝑄𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖 ]�𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝛾𝛾)𝑖𝑖𝑗𝑗 � − Δ𝑡𝑡[𝑄𝑄𝑄𝑄𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜 ]�𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝛾𝛾)𝑖𝑖𝑖𝑖 � +
Δ𝑡𝑡�𝑄𝑄𝑄𝑄𝑠𝑠𝑢𝑢𝑢𝑢 ��𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝛾𝛾)𝑖𝑖𝑖𝑖 �

(4)

Eq. 4 is the full representation of connectivity formulae and the sediment continuity
equations. We make several simplifying assumptions regarding Eq. 4. First, we assume
that the fine discretization of Eq. 4 allows for sediment transport and erosion to be
simulated at the actual time scale in which sediment processes physically occur, and thus
𝑃𝑃(𝜏𝜏)𝑖𝑖𝑖𝑖 is unity for all reaches (Mahoney et al., 2020a). Second, we assume that erosion and
deposition are mutually exclusive such that either erosion or deposition can occur during a
single time step in a reach (Russo and Fox, 2012). Third, we consider that bed sediment
eroded in a spatial step is fully continuous because a prerequisite of erosion is that transport
capacity is greater than suspended sediment load and erosion and deposition are mutually
exclusive. Fourth we note that at lack of deposition in a reach does not necessarily indicate
that erosion occurs because erosion can be supply, detachment, or transport limited
(Mahoney et al., 2019). Fifth, we assume that suspended sediments in the reach are fully
connected since downstream transport has previously occurred for the sediment to enter or
exit the reach. Sixth, we define continuity as the continuum from fully connected to fully
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disconnected such that if discontinuity occurs, all suspended sediment is deposited.
Likewise, we assume that for full continuity of suspended sediments to occur, no deposition
occurs and all suspended sediment reaches the downstream cell. Finally, we assume the
magnitude of the connections is reflected by both: (1) probability of continuity and (2) the
mass of sediment in the reach. Thus, several probability components of Eq. 4 can be
assumed as equal to unity and Eq. 4 is simplified as:
𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖 = �𝐸𝐸𝑖𝑖𝑖𝑖 ��𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 ∙ 1 ∙ 1� + �𝑆𝑆𝑆𝑆𝑖𝑖−1 𝑗𝑗 ��1 ∙ 1 ∙ 𝑃𝑃(𝛾𝛾)𝑖𝑖𝑖𝑖 � + Δ𝑡𝑡[𝑄𝑄𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖 ][1 ∙ 1 ∙ 1] −
Δ𝑡𝑡[𝑄𝑄𝑄𝑄𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 ][1 ∙ 1 ∙ 1] + Δ𝑡𝑡�𝑄𝑄𝑄𝑄𝑆𝑆𝑢𝑢𝑢𝑢 �[1 ∙ 1 ∙ 1]

(5)

When considering k different sediment sources, Eq. 5 becomes
𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖 = �𝐸𝐸𝑖𝑖𝑖𝑖 ��𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 �𝑘𝑘 + �𝑆𝑆𝑆𝑆𝑖𝑖−1 𝑗𝑗 ��𝑃𝑃(𝛾𝛾)𝑖𝑖𝑖𝑖 � + Δ𝑡𝑡[𝑄𝑄𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖 ] − Δ𝑡𝑡[𝑄𝑄𝑄𝑄𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 ] + Δ𝑡𝑡�𝑄𝑄𝑄𝑄𝑄𝑄𝑢𝑢𝑢𝑢 �

(6)

where k is the sediment source in the bed.
We formulate the probability of continuity for suspended sediments to represent
instances when suspended sediments fall out of suspension due to deposition. Deposition
is conceptualized to occur when the transport capacity of the fluid is less than the load of
suspended sediment from the previous time step. If deposition of suspended sediment
occurs, we define the probability of continuity as the fraction of suspended sediments that
remain in suspension after deposition occurs as:
𝑃𝑃(𝛾𝛾) = �

�1 −

1, 𝑇𝑇𝑐𝑐 > 𝑆𝑆𝑆𝑆

𝐷𝐷𝑓𝑓
𝐺𝐺

(7)

� , 𝑇𝑇𝑐𝑐 ≤ 𝑆𝑆𝑆𝑆

Where 𝑃𝑃(𝛾𝛾) ∈ [0 1] and 𝑇𝑇𝐶𝐶 is transport capacity of the fluid. We utilize intersecting
probabilities of sediment supply, detachment, transport, and the absence of barriers to
formulate the probability of instream connectivity for instream bed sediment of source k as
�𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 �𝑘𝑘 = �𝑃𝑃(𝑆𝑆)𝑖𝑖𝑖𝑖 ∩ 𝑃𝑃(𝐷𝐷)𝑖𝑖𝑖𝑖 ∩ 𝑃𝑃(𝑇𝑇)𝑖𝑖𝑖𝑖 ∩ �1 − 𝑃𝑃(𝐵𝐵)𝑖𝑖𝑖𝑖 ��

𝑘𝑘

(8)

where 𝑃𝑃(𝑆𝑆)𝑖𝑖𝑖𝑖 is the probability of sediment supply, 𝑃𝑃(𝐷𝐷)𝑖𝑖𝑖𝑖 is the probability of hydrologic

detachment, 𝑃𝑃(𝑇𝑇)𝑖𝑖𝑖𝑖 is the probability of hydrologic transport, and 𝑃𝑃(𝐵𝐵)𝑖𝑖𝑖𝑖 is the probability
that a barrier to sediment transport occurs in the reach. We assume that strictly hydrologic
detachment and transport are possible within low-gradient stream networks and that each
process is independent such that
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�𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 �𝑘𝑘 = �𝑃𝑃(𝑆𝑆)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝐷𝐷)𝑖𝑖𝑖𝑖 ∙ 𝑃𝑃(𝑇𝑇)𝑖𝑖𝑖𝑖 ∙ �1 − 𝑃𝑃(𝐵𝐵)𝑖𝑖𝑖𝑖 ��

𝑘𝑘

(9)

We adopt a Boolean approach to parameterize probabilities shown in Eq. 8, as discussed
in section 6.4.2
6.3 STUDY SITE AND MATERIALS
We applied the coupled connectivity and continuity model and field reconnaissance
of sediment connectivity to the Upper South Elkhorn watershed (61.7 km2) located in the
Inner Bluegrass region of Kentucky, USA (see Fig. 1). The stream network is considered
low-gradient and consists of deposited sediment pools atop limestone bedrock. Elevation
of the catchment ranges between 837 and 1065 m asl (see Fig. 2a). Upland slopes are
considered “gently rolling” which are generally low gradient with locally steep surfaces
that dissect the land surface (see Fig. 2b; McGrain, 1983; Mahoney et al., 2019). Upland
soils consist primarily of silt-loams and are generally well-drained. Land use in the
watershed is approximately 55% agricultural forest and 45% urban land (Fig. 2c).
Lithology of the watershed is primarily Middle Ordovician Lexington Limestone (see Fig.
2d; KGS, 2013), and karst potential throughout the watershed is considered high. The
region’s climate is humid subtropical. Temperatures range between 0.5°C and 24.5°C and
average yearly precipitation equal to 1184 mm (Ulack et al., 1977). Long, flat floodplains
are present on either side of the catchment and impede lateral sediment transport (Mahoney
et al., 2018).
Materials used in this study include high-resolution geospatial data, high-temporal
frequency sediment data, existing connectivity modeling, and software to carry out field
reconnaissance and couple the probability of connectivity model with instream sediment
continuity simulations. A summary of data used herein, data frequency, and data collection
methods is recorded in Table 1. We used remote sensing and high-resolution geospatial
data to assist with field reconnaissance and connectivity modeling. We collected total
suspended solids samples (TSS) and turbidity data at the UK SENSE station (see Fig. 1) to
assist with calibration and validation of the coupled connectivity and continuity sediment
model. TSS sediments were collected using a Teledyne ISCO automated sampler at 7 hour
frequency and were retrieved and processed weekly. Sampled TSS Values ranged between
0.5 and 214 mg l-1 and corresponded to turbidity between 0.6 and 245 NTU. The coefficient
of determination for relating TSS samples and turbidity measurements was 0.86. We used
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15-minute streamflow from USGS station 03289000, NOAA weather data at the Bluegrass
Airport, and the Soil and Water Assessment Tool to quantify hydrology and hydraulics in
the Upper South Elkhorn watershed. We used the modelling framework from Mahoney et
al., (2020a, b) to simulate upland sediment connectivity and flux. Software used to simulate
connectivity and process field reconnaissance included ArcGIS 10.4.1, ArcSWAT
2012.10.21, and Matlab R2019b.

6.4 METHODS
6.4.1 WAVES Field reconnaissance
We used the Watershed Assessment and Visualization of Erosion and
Sedimentation (WAVES) protocol to conduct visual assessment of connectivity and
sediment transport in the Upper South Elkhorn watershed (Mahoney, 2017). WAVES
was developed by reviewing contemporary methods to visually assess watersheds and
streams including: (1) the Stream Visual Assessment Protocol (SVAP) Version 2 (NRCS,
2009); (2) the Bank Erosion Hazard Index (BEHI) (Rosgen, 2001); (3) the Rapid
Bioassessment Protocol (RBP) (USEPA, 1999); (4) visual assessments of stream
networks from local consulting companies; and (5) connectivity literature (Fryirs et al.,
2007).
Parameters assessed in the WAVES protocol for reaches include: (1) connectivity,
(2) streambanks and floodplains, (3) streambed, (4) upland land use, and (5) miscellaneous
qualities. Mahoney, (2017) explains the assessment methods for each parameter as follows:
“Connectivity is assessed by identifying source to sink pathways of sediment and
impedances which may cause disconnectivity within the subreach. The condition of
the streambanks and floodplains is assessed by observing the riparian buffer
surrounding the stream, the structure of the banks, and human infrastructure which
may impact sediment transport. The streambed is assessed through the
determination of bed bathymetry, morphology, instream sediment storage, and the
type of sediment stored. Upland land use conditions are assessed through
identification of the type of land use, evidence of historic upland erosion, and
upland human interferences that may accelerate sediment transport. Finally,
miscellaneous aspects of the subreach that may further contribute to or yield
evidence of sediment transport are assessed through the identification of karst
features, water quality, and ecosystem quality.”
Prior to the visit, we mapped tributaries with contributing areas greater than 0.5
km2 to identify stream access points and the assessment domain. Aerial imagery and DEM
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analyses were used to validate delineation of stream networks. Information collected
during field reconnaissance was later georeferenced to this tributary delineation. Materials
used to conduct the field reconnaissance included a digital water proof camera with GPS
capabilities, survey rods, rulers, field notebooks, and maps of the stream. We conducted
preliminary visits to the field to delineate reaches within the stream network, which were
defined as geomorphologically similar lengths of the stream. We noted the start and end of
reaches using a GPS.
During site visits, a minimum of two researchers conducted the WAVES
assessment due to safety purposes and to limit subjectivity from the assessors. An example
of the WAVES protocol form is shown in Appendix I. We followed procedures described
in Mahoney (2017) to then conduct the assessment, described as follows:
“Starting at the downstream end of each reach, researchers walked upstream and
observed the qualities of the subreach, keeping in mind the five aforementioned
parameters. While assessing each reach, geolocated photographs were taken of
many features within the stream corridor. Images were taken of (1) the left bank
and right bank angle and height at the downstream end, middle, and upstream end
of the reach, or wherever significant alterations occurred; (2) hotspots of bank
erosion throughout the reach, as well as in-stream sediment storage (i.e. by placing
a surveying rod into the sediment); (3) bed material at the beginning, middle, and
end of the storage zone; (4) any and all inflowing tributaries and outfalls. Where
possible, researchers also walked tributaries and noted bank angles, heights, bed
material, erosional hotspots, and upstream land use/land cover. Pictures were also
taken of sources of (dis)connectivity within the stream: i.e. check dams, bed rock
outcrops, point bars, depositional zones, armoring zones, connected hillslopes,
floodplains, in-stream features (riffles, runs, and pools) as well as upland features
(land use, human or livestock interference, erosion). At the end of the reach,
researchers filled out the WAVES Protocol sheets. This was done individually to
minimize subjectivity. While completing the assessment sheets, researchers noted
the features separating one reach from another on the Intermediate Reach form.
Unique features of the reach, weather, flow rate, and other conditions were noted
on this form as well. This process was completed for each reach assessed during
each site visit.”
After the site visit, we processed and stored WAVES field sheets in an ArcGIS
database. We applied qualitative erosion and deposition indices from Mahoney (2017) to
visualize hotspots of erosion and deposition determined as:

𝑂𝑂𝑂𝑂𝑂𝑂 =

∑(𝑎𝑎𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒+𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)∗(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡)
∑(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡)
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(10)

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑂𝑂𝑂𝑂𝑂𝑂 = ∑ �

10

∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ∗ 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡�,

(11)

where OEI is the qualitative observed erosion index, ODI is the observed deposition index,
avg extent is the average extent of erosion within the reach (rated subjectively from 1-10),
avg density represents the severity of erosion in the reach (rated subjectively from 1-10),
value weight is a qualitative weighting coefficient based on the type of erosion developed
by Mahoney (2017), longitudinal extent is the longitudinal extent of deposition (rated
subjectively from 1-10), lateral extent is the lateral extent of deposition per reach (rated
subjectively from 1-10), weight is the qualitative weighting coefficient based on the type
and severity of deposition according to Mahoney (2017), and 10 is a normalization
parameter to relate longitudinal and lateral extents of deposition The average extent and
density of erosion were calculated using the arithmetic means of the scores from the
WAVES Protocol sheets. Averages of the researchers’ scores were used to create the
hotspot maps to limit subjectivity of the field assessment.
As a final note from Mahoney (2017):
“The main utility of the WAVES Protocol is to understand qualitatively where
erosion, deposition, and (dis)connectivity are most pronounced to help infer the
governing processes of watershed sedimentation prior to creating a model to assess
connectivity and sediment flux. This can later serve as a qualitative validation to a
connectivity model. Another utility of this Protocol is that disconnectivity features,
such as floodplains, were geospatially mapped, and thus can be parameterized in
a connectivity model with a high degree of certainty. Finally, the geospatial
database of geo-located photographs serves as useful tool for performing other
types of visual assessments without having to go into the field. For example, it was
intended that the multitude of pictures taken should allow researchers to perform
an analysis like the BEHI without having to go back into the field.”
6.4.2 Connectivity and Continuity Model Formulation
We route sediments from the watershed uplands through reaches and to the outlet
following Russo and Fox (2012), Mahoney et al., (2018), and Mahoney et al., (2020b) and
with the connectivity equations presented in Eq. 9 using the following equations:
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(15)

where 𝑆𝑆𝑆𝑆 is the mass of suspended sediment (kg); 𝑄𝑄 and 𝑄𝑄𝑠𝑠𝑠𝑠 denote water and sediment
discharge (m3 s-1 and kg s-1); in and out denote flux into or out of a model stream reach;
𝑘𝑘𝑠𝑠𝑠𝑠 is the sediment routing coefficient (dimensionless); 𝑉𝑉 is the volume of water (m3); 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠

is a sediment attenuation factor (dimensionless); 𝐺𝐺 is the upland erosion generation rate

������� is the spatially and temporally averaged upland probability of connectivity
(kg cell-1), 𝑃𝑃(𝐶𝐶)
for an event; and 𝑎𝑎 𝑗𝑗 is the area of catchment j. Parameterization of Eq. 11 for upland
sediment input to the stream network is presented in Mahoney et al., (2020b).

We parameterize the probability of connectivity 𝑃𝑃(𝐶𝐶) for instream sediments of

variable source using a series of piecewise functions to represent sediment transport
processes in reaches as:

�𝑃𝑃(𝐶𝐶)𝑖𝑖𝑖𝑖 �𝑘𝑘 = �𝑃𝑃(𝑆𝑆)𝑖𝑖𝑖𝑖 �𝑘𝑘 ∙ �𝑃𝑃(𝐷𝐷)𝑖𝑖𝑖𝑖 �𝑘𝑘 ∙ �𝑃𝑃(𝑇𝑇)𝑖𝑖𝑖𝑖 �𝑘𝑘 ∙ �𝑃𝑃(𝐵𝐵)𝑖𝑖𝑖𝑖 �𝑘𝑘

(16)

where

1, �𝑆𝑆𝑖𝑖𝑖𝑖 �𝑘𝑘 > 0
�𝑃𝑃(𝑆𝑆)𝑖𝑖𝑖𝑖 �𝑘𝑘 = �
0, �𝑆𝑆𝑖𝑖𝑖𝑖 �𝑘𝑘 = 0
�𝑃𝑃(𝐷𝐷)𝑖𝑖𝑖𝑖 �𝑘𝑘 = �

�𝑃𝑃(𝑇𝑇)𝑖𝑖𝑖𝑖 �𝑘𝑘 = �

(17)

1, 𝜏𝜏𝑓𝑓𝑖𝑖𝑖𝑖 > 𝜏𝜏𝑐𝑐𝑐𝑐 𝑘𝑘
0, 𝜏𝜏𝑓𝑓𝑖𝑖𝑖𝑖 ≤ 𝜏𝜏𝑐𝑐𝑟𝑟𝑘𝑘

(18)

1, 𝑇𝑇𝑐𝑐 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑘𝑘 > 0
0, 𝑇𝑇𝑐𝑐 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑙𝑙𝑘𝑘 ≤ 0

(19)
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�𝑃𝑃(𝐵𝐵)𝑖𝑖𝑖𝑖 �𝑘𝑘 = �

1, 𝑄𝑄 > 𝜃𝜃𝑘𝑘
0, 𝑄𝑄 ≤ 𝜃𝜃𝑘𝑘

(20)

where �𝑆𝑆𝑖𝑖𝑖𝑖 � is the supply of sediment source k, 𝜏𝜏𝑓𝑓 is the fluid shear stress, 𝜏𝜏𝑐𝑐𝑐𝑐 𝑘𝑘 is the critical
𝑘𝑘

shear stress of sediment source k, 𝑇𝑇𝑐𝑐 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑘𝑘 is residual transport capacity available to

transport source k, and 𝜃𝜃𝑘𝑘 is the threshold flowrate at which barriers become inactive. We

parameterize 𝑃𝑃(𝐶𝐶) for three sediment types in the Upper South Elkhorn watershed based
on field investigations including: (1) SFGL sediments which lie atop bed sediments, have

low critical shear stress, and erode preferentially in the system (Droppo and Stone, 1994),
(2) bed sediments, and (3) bank sediments. We parameterize stream gradient by assuming
that stream gradient is equal to bed gradient until a flow threshold is breached, at which
point an average stream gradient is used. We record specific equations used to calculate
sediment transport parameters in Appendix II and is described in depth in Russo and Fox
(2012). A list of symbols is included in Appendix III.
We discretized the watershed into 181 catchments and 362 reaches to parameterize
the stream network for explicit simulation of instream sediment continuity and connectivity
based on the location of bedrock outcrops identified by the WAVES protocol. Sediment
transport was predicted at 15-minute time steps, which satisfied the CFL condition

(Courant et al., 1967). We ran the connectivity and continuity simulations between
September 2017 and February 2019. Inputs and parameter ranges used in the model are
recorded in Table 2. Parameter ranges derived from existing literature are as follows: SFGL
parameters were derived from studies of Stone and Droppo (1994) and Droppo and Amos
(2001); transport capacity ranges were derived from Dou (1974), Ahmadi et al., (2006),
Yan et al., (2008), Guy et al., (2009), and Madej et al., (2009); shear stress coefficient
ranges were derived from Chang (1988); critical shear stress ranges were derived from
Sandford and Maa (2001), Hanson and Simon (2001), and Simon and Thomas (2002).
Settling velocity was based on study from Fox et al., (2010). Bathymetry was
parameterized using 1.5 m digital elevation models and stream surveys (KYAPED, 2014).
Qualitative visual analyses of time series and sediment flux measurements using
turbidity and TSS data were used to calibrate and validate the model. Calibration currently
extends between September, 2017 until February, 2019. Validation of the model is
ongoing. Turbidity measurements were collected using a YSI 6-series and YSI EXO optical
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turbidity sensors. Quality assurance of data was performed using methods described in
Mahoney et al., (2020b).
Evaluation of the model is shown in Fig. 3. Briefly, upland sediment connectivity
simulations were conducted and coupled with erosion rates to simulate upland sediment
entering the stream network. Instream probability of connectivity and sediment continuity
equations were run simultaneously to simulate instream (dis)connectivity and sediment
flux. If Nash Sutcliffe Efficiency of observed and simulated sediment flux was greater than
0.2 and instream connectivity and disconnectivity simulations agreed with our visual
assessment results, we accepted the realization of the model, otherwise we adjusted
instream and upland sediment parameters and slope threshold parameters until simulations
were acceptable. Qualitative sensitivity analyses were performed to understand behavior
of the model in response to input parameter values.

6.5 RESULTS AND DISCUSSION
6.5.1 Field investigation suggests lithological control on pool:riffle length ratio in
fluviokarst
Field investigation suggests the stream profile is locally controlled by lithology for
the low gradient bedrock system studied. Locally resistant limestone often extends as
outcrops from banks. The limestone extends across the stream channel creating a barrier
to flowing water and in turn sediment. The limestone outcrops, or barriers, function as
downstream hydraulic controls that cause upstream pools with locally flat energy gradients
during low flow conditions. These observations were consistent as we walked and mapped
the approximately 30 km stream network during low flow conditions. Fig. 4 shows our
field research results where we identified 181 bedrock-riffle (black sections in Fig. 4) and
pool (grey sections in Fig. 4) sequences throughout the stream network.
As shown in the blow up map in Table 3 and Fig. 4, the lengths of the riffles and
pools varied from sequence to sequence, but one distinct feature is the pools were almost
always greater in length than the pools. The length of pools (mean L:W=32, n=181) was a
half order of magnitude greater than length of bedrock ‘riffles’ (mean L:W=7, n=181). On
average, the pool:riffle length for this low gradient bedrock system was 4.6. In-stream
incision is less pronounced for the bedrock-riffles than limestone in pools just upstream
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and downstream (see photos in Fig. 4) creating local concavity longitudinally for the
streambed profile for the riffle-pool sequences. Further investigation shows the presence
of the lithologic control and catchment morphology on controlling the pool:riffle length
ratio for this system. As shown in the watershed map with the 181 catchments in Fig. 4,
the bedrock-riffles always occur at the catchment divides with the pools being located in
the catchment interior (see ‘black’ riffles at catchment divides in Fig. 4). In this way, the
dissolution of fluviokarst landscape to create the hilly topography typical of karst terrain
in this region (Phillips 2003, 2015; Phillips et al., 2004) helps control the morphology of
the pool:riffle length ratio for the stream network.
The pool:riffle length for this low gradient bedrock system greatly contrasts
pool:riffle geometry of alluvial systems. For example, one study of alluvial systems found
the pool:riffle length equals 0.56 (1:1.8) for low gradient channels (Wohl et al., 1993),
which is an order of magnitude lower than the pool:riffle length ratio equal to 4.6 found in
this current study. In alluvial systems, pool:riffle depth and length ratios are attributed to
internal energy of the system and specifically are suggested to reflect energy expenditure
as a function of gradient and the fluid’s ability to erode its channel boundaries (Richards,
1978; Wohl et al., 1993). In this fluviokarst region with bedrock streams, the pool:riffle
geometry more likely is controlled by the development and maturity of the karst
topography. The dissolution of limestone can remove softer limestone strata creating
sinkholes, cover collapses and downcutting of the terrain. This action combined with
fluvial action causes the landscape to evolve to a hilly terrain (Phillips 2003, 2015; Phillips
et al., 2004) leaving behind more resistant rock creating the catchment divides and riffles.
Ongoing work is currently being conducted to validate these results.
The field geomorphology results from this study extend the body of literature
focused on lithologic control on stream networks. A number of studies have shown
lithologic control on channel geometry and stream profile in steeper terrain (Duvall et al.,
2004; Pike et al., 2010; Whitbread et al., 2015), but few studies, to our knowledge, have
reported lithological control on pool:riffle ratios for low gradient streams in fluviokarst
regions. The lithologic control on the stream profile in turn is expected to impact the
present-day ecology and sediment dynamics of the low gradient bedrock stream, which is
discussed next.
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6.5.2 Field investigation of sediment transport provides a concept model for bedrock
barriers and sediment (dis)connectivity
Field investigation of sediment connectivity accomplished with our WAVES
protocol shows the resistant limestone features act as sediment barriers in the low gradient
system. Our field research results showed observations of the pools trapping surficial fine
grained laminae as well as relatively deep consolidated deposits over bedrock. The riffles
on the other hand were generally scoured to bedrock with at times a thin film of loose
deposited fluvial sediment. The field observations agrees with concept of the bedrockriffles acting as a hydraulic controls and in turn sediment barriers during most flow
conditions. The energy gradient upstream of the limestone controls is near zero for
baseflow and moderate storm events due to the long length of the pools relative to riffles.
This sediment disconnectivity causes deposition throughout the pools with observations
showing surficial fine grained laminae as well as relatively deep consolidated deposits over
bedrock in pools.
Our field research results of sediment erosion and deposition patterns in the
pool:riffle sequences allowed us to arrive at a conceptual model of the fluid energy gradient
and action of the bedrock-riffles as sediment barriers. This concept is shown in Fig. 5. In
the figure, bedrock outcrops are highlighted in red. Three different hydraulic and sediment
transport conditions are shown in Fig. 5. Fig. 5a shows stream profile during lowmagnitude hydraulic regimes occurs when the bedrock outcrops function as downstream
hydraulic controls that form upstream pools with locally flat gradients where erosion is
limited and deposition is promoted. Riffles form downstream of bedrock outcrops with
relatively high velocity and low depth. Generally, only erosion of the SFGL is possible due
to low supply of bed sediment in riffles and low transport capacity in the pools. Bed and
bank sediment are relatively immobile. Fig 5b shows the stream profile during mediummagnitude hydraulic regimes cause bedrock outcrops to continue to function as
downstream hydraulic controls, however stream depth and surface gradient in pools is
generally increased. Erosion of SFGL and bed sediment in both riffles and pools is
possible. Fig. 5c shows stream profile during high-magnitude hydraulic regimes cause
bedrock outcrops no function as barriers of sediment transport. Erosion of SFGL, bed, and
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bank sediment is possible. Deposition can occur when suspended sediment is greater than
stream transport capacity.
Consistent with connectivity theory of barriers (Fryirs et al., 2013), we
hypothesized thresholds occur to breach disconnectivity in the riffle-pool model shown in
Fig. 5. In this manner, we represent hydraulic and sediment transport conditions when the
barrier is overcome and the energy gradient of the system increases to allow greater
sediment transport carrying capacity through the pools. This result adds the limestone
controls to the list of barriers in connectivity discussions such as check dams and bendway
weirs, with the limestone controls perhaps being specific to low gradient limestone
systems.
Our numerical modelling of hydraulics allowed us to estimate pool:riffle depth
ratios for the system to accompany our estimates of pool:riffle length ratio equal to 4.6.
The mean pool:riffle depth for our entire stream network was found to equal 1.9, 1.9, and
1.8 for low, moderate and high flow conditions. The mean pool:riffle depth of our low
gradient bedrock system contrasts findings for low gradient alluvial systems; for example
one study found that the mean pool:riffle depth was 6.2 for low gradient alluvial systems
(Wohl et al., 1993). The differences are attributed to the lithologic versus fluvial controls
discussed in section 5.2. In addition, the mean pool:riffle depth for our systems is shown
to decrease as the hydrologic regime increases, which qualitatively agrees with our concept
model in Fig. 5.
6.5.3 Validation of Numerical Modeling using Field Reconnaissance
Our numerical model of probability of connectivity formula within sediment
continuity equations represented the bedrock riffles as discontinuous barriers that can be
breached, and sediment transport modelling results were found to agree well with our field
investigation of sediment transport. Results of the WAVES field assessment and values of
the observed erosion index highlight hotspots of instream erosion observed in the Upper
South Elkhorn watershed (see Fig. 6a). Hotspots of erosion were observed in localized
reaches throughout the Upper South Elkhorn as shown by Fig. 6a. We qualitatively
compared results of the observed erosion index (Fig. 6b) with results of long-term erosion
estimates from our modelling (Fig. 6c) between representative reaches 275 and 292 and
found that field reconnaissance results validated results from the coupled connectivity and
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continuity sediment model. We determined normalized erosion in reaches by summing
total simulated erosion (kg) in reaches over the course of the simulation period and
normalized erosion rates by stream length. Generally, upstream reaches (275-284) were
predicted to have less instream erosion than downstream reaches (285-292), which visually
agrees with findings from WAVES field reconnaissance. Interestingly, we find stream
gradient between reaches 285 and 292, where observed and simulated erosion are highest,
is less than stream gradient between reaches 275 and 284 (see Table 4), which suggests
that long term instream erosion is more than just a function of stream gradient. This results
highlights the importance of conducting both field reconnaissance and spatially explicit
sediment modeling when understanding long-term erosion patterns.
Hotspots of instream deposition were also identified throughout the Upper South
Elkhorn watershed, as shown by Fig. 7a using the observed deposition index. Qualitative
comparison of depositional patterns in the reaches using the observed deposition index and
the numerical model generally agrees for reaches 275-280, however the instream sediment
model predicts increased deposition between reaches 281 and 292 which was not observed
during field reconnaissance. One potential reason for this is because field reconnaissance
was conducted in 2017, a year that was not particularly wet or dry for the region, while
2018, which consisted of the majority of the simulation period for the sediment model, was
uncharacteristically wet. Improved field-based understanding of deposition and erosion
might be ascertained by repeated reconnaissance across multiple seasons and years.
As an independent source of comparison, we compared erosion and deposition
results from field reconnaissance and numerical model with the Index of Connectivity from
Borselli et al., (2008). We derived the IC using the SedInConnect toolbox from Crema and
Cavalli (2018).
We find that IC results match relatively well with findings from the observed
erosion index and long-term erosion patterns determined with the numerical modelling.
This result indicates that perhaps instream simulations of connectivity and erosion over
long time scales might be well simulated with the index of connectivity, which agrees with
findings from Mahoney et al., (2020) that long term connectivity simulations matched
relatively well with IC values when a thresholds was applied.
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Ultimately, comparison of model and field reconnaissance results helped to
visualize spatially explicit erosion and deposition patterns at the reach scale over seasonal
to yearly timescales.
Long-term modeling of erosion and deposition in reaches and pools indicates that
approximately 83% of eroded sediment is generated from pools and 17% is generated in
riffles, while approximately 86% of deposition occurs pools and 14% of deposition occurs
in riffles. Riffles comprise of approximately 20% of the Upper South Elkhorn stream length
whereas pools generally comprise of approximately 80% of the stream network. The model
simulated approximately 0.3 m of aggradation in the stream network throughout the
simulation period, which is attributed to the uncharacteristically wet study year (2018;
NOAA, 2020).
6.5.4 Coupled Sediment Connectivity and Continuity Model Evaluation
Qualitative and quantitative metrics were used to evaluate the coupled connectivity
and sediment continuity model structure, and both indicate that the model adequately
captures sediment connectivity and sediment transport processes. Qualitative metrics
include visual comparison of simulated and observed sediment flux time series over the
entire simulation period and during specific transport events. Fig. 9a and 9c show simulated
and observed sediment flux at the outlet of the Upper South Elkhorn watershed. Generally,
visual inspection of observed and simulated time series indicates that the model accurately
predicts timing of peak sediment flux. Shape of serigraphs at the outlet of the watershed
for both the rising limb and falling limb also tends to be well-simulated. We find that the
model tends to under-predict peak sediment flux during events, which we generally
attribute to under-prediction of upland sediment generation, as predicted by Mahoney et
al., (2020b). Future iterations of the model parameterization might include physical
representation of upland sediment erosion rate, which is currently simulated empirically.
Quantitative evaluation of the model includes optimization of the Nash-Sutcliffe
efficiency (NSE) of simulated and observed sediment flux at the watershed outlet. We
found that NSE was equal to 0.35 for the simulation period, which is considered to be
satisfactory to excellent (see Moriasi et al., 2007); and the reason we argue NSE to be
excellent is because we were using calculations with 15 minute observations and model
results, which are well regarded to not be held at NSE criteria of daily simulations (Moriasi
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et al., 2007). It is noteworthy, however, that optimized NSE alone did not necessarily
improve simulation of sediment flux at the watershed outlet. Specifically, we found that by
increasing transport capacity coefficients of the model we could further improve NSE, but
doing so led to over-prediction of sediment flux during recession periods. This result is
corroborated by work from Mahoney et al., (2020b), who found that when NSE was
coupled with hysteresis analysis and the hysteresis index (see Sherriff et al., 2015; Clare,
2019), sediment simulations were improved at high-temporal frequencies. This result
indicates that while NSE may be a mainstay of sediment transport and watershed model
evaluation, additional metrics should be considered for the next generation of hightemporal frequency sediment simulations.
Optimal parameter values for the upland connectivity model and instream
connectivity and continuity model are shown in Table 4, and all fall within permissible
ranges as prescribed by the literature. Optimal transport capacity coefficients tend to be on
the higher-end of the permissible range for low-gradient systems. Compared to results of
Mahoney et al., (2019), we find that transport capacity coefficients are approximately an
order of magnitude greater than optimal coefficients determined therein. One possible
reason for this is due to the very fine spatial and temporal discretization of riffle-pool
sequences considered in the model framework presented herein, which explicitly simulates
hydraulics in the stream network at quasi-continuous temporal scales. Modeling from
Mahoney et al., (2019) considered sediment flux at daily timescales and reaches on the
order of 10 km, whereas modeling presented herein considers 15-minute sediment flux and
reaches on the order of 10-200 m, which was important considering we find peak sediment
flux and discharge occurs on the order of several hours in the 64.1 km2 lowland watershed.
Sensitive parameters of sediment flux include instream transport capacity
coefficients (𝐶𝐶𝑡𝑡𝑡𝑡 (𝑙𝑙𝑙𝑙𝑙𝑙) , 𝐶𝐶𝑡𝑡𝑡𝑡 (ℎ𝑖𝑖𝑖𝑖ℎ) ), instream deposition coefficients (𝑘𝑘𝑝𝑝 , 𝜔𝜔𝑠𝑠 ), upland

sediment generation (𝐺𝐺𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 ), and upland sediment attenuation (𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 ). We find that the
upland sediment generation and sediment attenuation parameters affect the magnitude and
shape of sediment flux entering the stream network, and thus sensitivity to these parameters
is to be expected considering that upland sediment can consist of up to 50% of sediment
yield for events of high-magnitude in low gradient systems like the Upper South Elkhorn
(Mahoney et al., 2019). Insensitivity of the model to routing coefficients (𝑘𝑘𝑠𝑠𝑠𝑠 ) is likely
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attributed to the fine spatial and temporal discretization of the stream network considered
herein.
We investigated the importance of explicitly simulating bedrock out crops, riffles,
and pools by comparing instream model results where 362 reaches and riffle-pool
morphology were explicitly considered (Fig. 9a, 9c) with simulations where 181 reaches
and average riffle-pool slope were considered (Fig. 9b, 9d). Generally, we found that both
models adequately simulated sediment flux according to traditional watershed modeling
objective functions (e.g., Moriasi et al., 2007) since both models have NSE values that fall
within the “satisfactory” range. An important distinction between model results, however,
is that explicit simulation of riffle-pool morphology and variable stream gradient during
hydraulic regimes, as derived from our conceptual model and simulated in the
parameterization with 362 reaches, increased simulated peak sediment flux during highmagnitude hydrologic events and decreased sediment flux on the falling limb of
hydrographs, as evidenced by visual inspection of Fig. 9c and Fig. 9d. Visual observation
of the time series in Fig. 9d indicates that formulation with 181 reaches and average rifflepool slope tends to under-predict peak sediment flux during events of high hydrologic
magnitude and over-predict sediment flux on the falling limb of the serigraphs compared
to the formulation with 362 reaches and explicit slope consideration. One potential
explanation for this is that an average stream gradient, as simulated with 181 reaches and
average riffle-pool slope, under-predicts stream energy available to erode and transport
sediment in riffles during high-magnitude hydraulic regimes and over-predicts stream
energy available to erode and transport sediment in pools during low-magnitude hydraulic
regimes. Explicit representation of stream gradient, as shown in the simulation with 362
reaches, seemed to rectify this problem. Interestingly, NSE of the simulation with 181
reaches and average riffle-pool slope was greater than NSE of the simulation with 362
reaches and explicit representation of riffle-pool sequences, reinforcing the earlier
discussion that updated evaluation metrics should be considered for high-temporal
frequency simulations of sediment flux. In summary, benefits of running the model with
362 reaches and explicit riffle-pool morphology include improved simulation of peak
sediment flux and shape of the falling limb of the sedigraph, in addition to the added
information afforded from improved explicit representation of the stream network.
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One noteworthy matter regarding logistics of running both models is that
computational time for the instream continuity model parameterized for 362 reaches is
approximately two times as long as the computational time for the model parameterized
for 181 reaches (approximately 150 s and 70 s, respectively), which is likely due to two
times the number of spatial reaches being simulated in the parameterization with 362
reaches compared to 181 reaches. While unimportant for running the model for one
realization, such considerations become important when running many model realizations
required for robust sensitivity and uncertainty analyses. We note, however, that both
models were parameterized using the same calibration values, perhaps indicating that
optimal model parameterization for simplified model structures might be applicable to
more discretized structures for the lowland, bedrock controlled system. This points to
perhaps simplified and faster calibration strategies in future iterations of the modelling and
warrants further investigation.
6.5.5 Spatial and temporal dynamics of sediment continuity and connectivity in pools
and riffles
Our high-resolution simulations elucidate spatially and temporally explicit
behavior of sediment continuity dynamics due to bedrock outcrops in riffles in pools over
the course of hydrologic events. To highlight differences in continuity dynamics between
riffles and pools, we observed changes in 𝑃𝑃(𝛾𝛾) over the course of the sediment transport
event occurring between May 5, 2018 and May 8, 2018 (see Fig. 10). The May 5, 2018
event approximately corresponds to an event with 6-month recurrence interval, and has

been observed previously as an event that transports important amounts of sediment
(Mahoney et al., 2020b). Fig. 10a shows 𝑃𝑃(𝛾𝛾) results in four reaches prior to the start of
the event. Pools (e.g., reaches 281 and 291) are generally disconnected during low-flow
periods and this is reflected by the result that 𝑃𝑃(𝛾𝛾) = 0 during this time period. Bedrock

outcrops were observed to control stream gradient in pools during such hydraulic regimes
during WAVES field reconnaissance. 𝑃𝑃(𝛾𝛾) in riffles (e.g., reaches 282 and 292) is equal
to one, indicating that little deposition occurs in the reach during low-flow conditions,
which is likely due to the steep stream gradient characteristic of the riffles and low sediment
input due to deposition promoted in the analogous upstream pool. Discontinuity decreases
in pools during the rising limb of the hydrograph (Fig. 10b) and interestingly increases in
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riffles, reflected by 𝑃𝑃(𝛾𝛾) greater than zero in pools, and 𝑃𝑃(𝛾𝛾) less than one in riffles. One
potential reason for increased discontinuity in the riffles during the rising limb of the

hydrograph is that increased stream depth in pools (and hence increased transport capacity
and bed shear) and onset of erosion of the low-critical shear stress SFGL increases
sediment flux into the riffle, which is greater than transport capacity of the fluid when
stream depth is still relatively small.
The differences in 𝑃𝑃(𝛾𝛾) between riffle 282 and 292 can be explained by structural

differences in each reach (see Table 4). Specifically, reach 292 has greater slope than reach

291, and thus fluid energy is greater in reach 292 during the rising limb of the hydrograph

compared to reach 282. Another potential explanation is that reach 291 (pool upstream of
reach 292) is flatter than reach 281 (pool upstream of reach 282), thus more deposition
likely occurs in the reach compared to 281, thus limiting sediment flux into the reach and
increasing transport capacity compared to 282.
During the peak of the hydrograph (Fig. 10c) continuity is maximum in both pools
and riffles, which is reflected by 𝑃𝑃(𝛾𝛾) = 1 in all presented reaches. Control of the bedrock
outcrop to limit stream gradient is reduced due to increased flow depth such that transport

capacity of the fluid increases as well as stream gradient, thus explaining the increase in
predicted 𝑃𝑃(𝛾𝛾). During the receding limb of the hydrograph, continuity in pools is stifled
due to reestablished control of the bedrock outcrop which promotes locally flat stream

gradients in the upstream pool and low flow depth, where 𝑃𝑃(𝛾𝛾) is less than unity. In
summary, our result is that discontinuity is characteristic in pools upstream of bedrock

outcrops, and only during the rising limb and peak of the hydrograph is discontinuity
breached.
Time series analysis of 𝑃𝑃(𝛾𝛾) and sediment flux gives indication of frequency and

duration of continuity in pools and riffles. We plot time series of 𝑃𝑃(𝛾𝛾), deposition, erosion,

sediment flux, and stream depth in reach 281 (pool) and reach 282 (corresponding
downstream riffle) for the May 5, 2018 event (see Fig. 11). We find that 𝑃𝑃(𝛾𝛾) is less than
one in reach 281 for the majority of the event, indicating that discontinuity up stream of

the bedrock outcrop dominates. This result is notably different than 𝑃𝑃(𝛾𝛾) in riffles, where

discontinuity occurs very briefly during the rising limb of the hydrograph, as previously
mentioned, and remains fully continuous for the remainder of the event. It is noteworthy
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that continuity of the pool is relatively brief during the May 5, 2018 event, which is
important because this event has a recurrence interval of approximately one in every sixth
months. Further time series analysis of continuity in pool 281 indicates that during the
approximately 1.5 year simulation period, discontinuity (e.g., 𝑝𝑝(𝛾𝛾) = 0) occurs

approximately 93 % of the time and full continuity (e.g., 𝑃𝑃(𝛾𝛾) = 1) only occurs 1 % of the

time. Conversely, discontinuity in riffles occurs approximately 0.1 % of the time and full
continuity occurs 99 % of the time.

Our finding that pools upstream of bedrock outcrops are fully continuous for only
7 % of the year puts quantitative measurements on the timescales of (dis)continuity and
(dis)connectivity in stream networks due to functioning of instream barriers such as
bedrock outcrops (e.g., Fryirs, 2013; Ali et al., 2018), which adds to an ongoing discussion
of the importance of buffers, barriers, and blankets to control sediment connectivity and
transport in watersheds (Fryirs, 2013). Fryirs (2013) defines buffers, barriers, and blankets
as morphologic features that impede sediment transport in lateral, longitudinal, and vertical
directions, respectively. Seldom in the literature have quantitative metrics been used to
describe periods when barriers are active, however work compares relatively with study
from Ali et al., (2018), who use the T-TEL method to quantify the timescales of
connectivity best corroborates our work.
The sharp increase in 𝑃𝑃(𝛾𝛾) (Fig. 11a), sudden cessation of deposition (Fig. 11c)

and abrupt increase of erosion (Fig. 11e) in reach 281 is indicative of rapid connectivity of

the bed sediments in the pool (reach 281), and points towards the idea that erosion and

deposition upstream of bedrock outcrops are discontinuous processes (e.g., Grant et al.,
2017) as opposed to continuous processes. One reason for abrupt changes in continuity
within the pool is related to the breaching of discontinuity thresholds related to the stream
depth and stream gradient within the reach. Erosion occurs abruptly in the pool strictly
when stream depth increases and is terminated when stream depth begins to decrease after
the peak of the hydrograph (see Fig. 11i). This notion reflects the idea that a threshold
breach of discontinuity suddenly permits contribution of bed sediments, and connection
prior to the threshold breach is unlikely.
This finding is corroborated by researchers who present discontinuous, as opposed
to continuous, frameworks for simulating sediment transport and connectivity (Grant et al.,
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2017; Schumm, 1979). For example, the seminal work of Schumm (1979) points towards
the concept of thresholds to control and influence long term landscape morphology. Our
findings point to the idea that thresholds (discontinuous processes) as opposed to gradients
(continuous processes) are representative of instream erosion and deposition in pools
upstream of bedrock outcrops.
As a second discussion point, the method presented herein offers one approach to
understanding timescales of disconnectivity and thresholds when barriers are deactivated.
Specifically, we find that barriers are likely active until very large hydrologic events occur
when the stream depth is increasing and reactivate at the falling limb of the hydrograph.
Other frameworks that analyze timescales and thresholds of connectivity include the TTEL method from Ali et al., (2018).
We find that connectivity results differ between riffles and pools and between
sediment types in time (e.g., SFGL versus bed sediment). Fig. 12 presents time series of
𝑃𝑃(𝐶𝐶) results for SFGL and bed sediments for reach 281 (pool) and 282 (riffle) for the May
5, 2018 to May 9, 2018 event. In the pool, SFGL sediments are connected (e.g., 𝑃𝑃(𝐶𝐶) = 1)
only for a brief period during the event, which corresponds with times when discharge and

flow depth increases in the reach (Fig. 12a). Inspection of sub-process probabilities of
connectivity indicates that the probability of transport (𝑃𝑃(𝑇𝑇)) limits connectivity for the
majority of the event, however there are instances when the probability of detachment

(𝑃𝑃(𝐷𝐷)) is equal to zero, and thus also limits connectivity. 𝑃𝑃(𝑇𝑇) and 𝑃𝑃(𝐷𝐷) being equal to
zero is attributed to the low stream gradient of the pool. This result is validated by previous

modeling from Russo and Fox (2012) and Mahoney et al., (2019), who found that the

system was transport limited. SFGL sediments typically remain connected throughout the
simulated event in the riffle (reach 282), however connectivity briefly goes to zero (i.e.,
disconnectivity occurs, 𝑃𝑃(𝐶𝐶) = 0) at the onset of the hydrologic event when the pool

initially becomes connected (Fig. 12b). When 𝑃𝑃(𝐶𝐶) is equal to zero, we find that 𝑃𝑃(𝑇𝑇) for

SFGL sediment is also equal to zero, indicating that transport capacity limits connectivity
briefly in the riffle. This validates our aforementioned proposition that brief disconnectivity
and deposition in reach 282 are likely due to the increase of sediment entering the reach
from the upstream pool (reach 281). It is noteworthy that although riffles are connected for
longer durations compared to pools with respect to SFGL sediment, the magnitude of bed
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connectivity may be relatively weak in these reaches, which is evidenced in Fig. 11f, which
shows that large amounts of erosion occur only during larger hydraulic regimes.
In the pool, we find that bed sediments are connected for less time than SFGL
sediments, which is to be expected because SFGL sediments preferentially erode in the
system given their low critical shear stress and since residual transport capacity is needed
to erode bed sediment (Fig. 12c). We find that both 𝑃𝑃(𝑇𝑇) and 𝑃𝑃(𝐷𝐷) limit connectivity of
bed sediments in the pool, which again is attributed to the low stream energy, low fluid

shear stress, and low transport capacity needed to erode and transport bed sediment. We
find peak erosion rates in the bed tend to coincide with the onset of connectivity of bed
sediment, which perhaps indicates that the greatest amount of erosion in the low-gradient

system occurs during rare high-magnitude hydrologic events when bed sediments become
connected. Interestingly, this finding points to notion that bed sediments are primarily
disconnected from the sediment cascade for the majority of time, highlighting the
importance of the low-gradient system to store sediment in the bed for relatively long
periods of time until connectivity is abruptly reestablished and large amounts of the bed
are moved at one time in pulses. This work is corroborated by Toone et al (2014) who
found that bedrock outcrops tended to cause upstream deposition of courser sediments and
allow passage of fine grained sediments, thus acting as a filter of suspended sediments. We
find that bedrock outcrops in this system behave similarly.
The presence of SFGL sediment atop bed sediments serves as one example of a
blanket (sensu Fryirs, 2013) that impedes vertical sediment transport, which we find is
seldom discussed in the literature. Because SFGL sediments preferentially erode in the
stream network, residual transport capacity of the fluid must accommodate first the supply
of SFGL sediments and second bed sediments. In this sense, SFGL sediments use up
available transport capacity of the fluid that otherwise would be available to transport bed
sediment and thus limit bed connectivity.
We find that bed sediments are disconnected throughout the entire event in the
riffle, as shown in Fig. 12d. Probability of supply (𝑃𝑃(𝑆𝑆)) was found to limit bed
connectivity during the event, which indicates that an available supply of bed sediment for
erosion is not present in the reach. One explanation for this is that bed sediments typically
are only transported during high-magnitude hydrologic events, and during these instances
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transport capacity in the relatively higher-gradient riffle is larger than sediment load such
that sediment remains in suspension. This finding is validated by results from our field
reconnaissance, which indicated that very little stored sediment was observed in riffles.
This work adds to an ongoing discussion of structural and functional controls of
sediment connectivity in fluvial systems. We find that both structural and functional
elements of the stream network play important roles in controlling longitudinal sediment
connectivity and sediment transport during different times. Specifically, we find that
structural disconnectivity from the bedrock outcrops tends to control (limit) connectivity
during low-magnitude hydraulic regimes. During high-magnitude hydraulic regimes, we
find the control of structural elements of the stream network diminishes as control of
bedrock outcrops becomes reduced, at which point the degree of connectivity is limited by
the amount of energy generated from the storm event.
Controls of instream longitudinal connectivity tend to contrast structural and
functional controls of sediment connectivity in upland networks. For example, several
researchers have discussed that functional connectivity limits sediment transport in
watershed uplands during the majority of hydrologic events (Heckann et al., 2018; Wohl
et al., 2019; Mahoney et al., 2020a, b, c). Over time, however, and during large-magnitude
hydrologic events, control of sediment connectivity shifts from functional connectivity to
structural connectivity because structural elements tend to serve as an upper bound of
potentially connected pathways (Mahoney et al., 2020a). One reason for this contrast is
due to the perennial nature of flow in the low-gradient stream network compared to the
upland network, in which hydrologic connectivity is established for only brief periods
when runoff occurs which is requisite for sediment connectivity in low gradient and gently
rolling systems (Bracken et al., 2015; Mahoney et al., 2018).

6.6 CONCLUSION
Conclusions of this paper are as follows:
1. Field reconnaissance shows the stream profile is locally controlled by lithology
for the low-gradient bedrock system studied herein. Locally resistant limestone
often extends as outcrops from banks, and instream incision is less pronounced
compared to limestone in nearby upstream pools. This causes local longitudinal
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concavity for the streambed analogous to riffle-pool sequences in alluvial
systems, however with noteworthy differences in morphology. Length of pools is
approximately a half order of magnitude greater than length of bedrock “riffles”.
This result adds to the discussion of lithological controls on river formation, and
this highly localized morphology can impact ecology and sediment dynamics of
the stream.
2. Field investigation of sediment connectivity accomplished with our WAVES
protocol shows that the resistant limestone bedrock features act as barriers in the
low gradient system. The energy gradient upstream of the limestone outcrops is
near-zero for baseflow and moderate storm events due to the long length of the
pools relative to the riffles. Longitudinal sediment disconnectivity emerges as a
result of the bedrock outcrops and promotes deposition throughout the pools, as
indicated from observations of surficial fine grained laminae and relatively deep
consolidated deposits over bedrock in pools. Hypothesized thresholds are
proposed representing breaches of disconnectivity. This result adds the limestone
bedrock controls to the list of barriers impeding longitudinal sediment transport,
and perhaps is unique to low gradient limestone systems.
3. Formulation of sediment continuity using connectivity formulae allows spatial
representation of sediment dynamics in riffle-pool sequences. Comparison of
sediment model results with field reconnaissance validates erosion-deposition
simulations. Coupling model parameterization of ground-truthed field
investigations improved model results.
4. Sediment connectivity and continuity formulae adequately predicted sediment
discharge at the watershed outlet at quasi-continuous timescales during the
simulation period. Model configurations that did not explicitly simulate riffle-pool
sequences tended to under-estimate peak sediment flux during high-magnitude
hydrologic events and over-estimate sediment transport on the falling limb of
hydrographs.
5. Modelling results highlight dynamics of (dis)connectivity and (dis)continuity
during hydrologic events in riffles and pools. Disconnectivity and discontinuity
are predominant in pools upstream of bedrock outcrops for the majority of flow
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conditions, and are only briefly connected during large-magnitude hydrologic
events when thresholds are breached. Riffles downstream of bedrock outcrops
typically remain connected during lower-magnitude hydraulic regimes, but are
supply and transport capacity limited, and thus connectivity is weak. Instream
sediment connectivity is controlled by both hydraulic regime (functional
connectivity) and the presence of bedrock outcrops (structural connectivity). The
conceptual model derived from field reconnaissance observations improved our
understanding of spatial and temporal sediment connectivity upstream of bedrock
outcrops and validated limitations of sediment connectivity in riffles downstream
of bedrock outcrops.
Possible future work includes quantification of feedback propagation and instream
morphologic changes which manifest from interactions between upland sediment
generation and instream transport capacity. Specifically, such investigations might involve
understanding the impact of upland sediment flux and connectivity on the function of
barriers like bedrock outcrops. Additionally, future discussions include investigation of the
appropriateness of sediment flux data collected at the watershed outlet to evaluate reachscale erosion and deposition dynamics. We posit that more sophisticated data collection,
such as high-temporal resolution sediment fingerprinting might improve evaluation of such
simulations. Additionally, the coupled connectivity-continuity model structure affords
information that might assist with long-term sediment budgeting for the watershed uplands
and stream network at seasonal-yearly time scales. Specifically, long-term analyses of
erosion and deposition in riffles and pools might give insight to long term system dynamics.
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6.7 APPENDIX I: WAVES Protocol sheets
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6.8 APPENDIX II: EQUATIONS OF THE INSTREAM SEDIMENT TRANSPORT
MODEL
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0.04505583 � 𝑗𝑗� − 0.241185 � 𝑗𝑗� + 0.58925899 � 𝑗𝑗� + 1.00975426
𝐻𝐻𝑖𝑖

𝐻𝐻𝑖𝑖

𝑖𝑖𝑖𝑖 𝐶𝐶𝜏𝜏(𝑏𝑏𝑏𝑏𝑏𝑏) > 1.5, 𝑡𝑡ℎ𝑒𝑒𝑒𝑒 𝐶𝐶𝜏𝜏(𝑏𝑏𝑏𝑏𝑏𝑏) = 1.5
𝐵𝐵

2
𝑗𝑗

𝐵𝐵

1
𝑗𝑗

𝐻𝐻𝑖𝑖

(A.10)

𝐶𝐶𝜏𝜏(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) = 2.4825 ∗ 10−3 � 𝑖𝑖𝑗𝑗� − 0.0773109 � 𝑖𝑖𝑗𝑗� + 1.6
𝐻𝐻𝑖𝑖

𝐻𝐻𝑖𝑖

𝑖𝑖𝑖𝑖 𝐶𝐶𝜏𝜏(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) > 1.5, 𝑡𝑡ℎ𝑒𝑒𝑒𝑒 𝐶𝐶𝜏𝜏(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) = 1.5
𝑏𝑏

(A.11)

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑗𝑗 = min[𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 �𝜏𝜏𝑓𝑓 𝑗𝑗 − 𝜏𝜏𝑐𝑐𝑐𝑐 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑗𝑗 � 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑗𝑗 ∆𝑡𝑡, 𝑇𝑇𝑇𝑇𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹 𝑖𝑖𝑗𝑗 , 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑗𝑗 ]

𝑖𝑖
𝑖𝑖
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑗𝑗 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑗𝑗 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑗𝑗
𝑖𝑖
𝑗𝑗
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑗𝑗 = min[� 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖−1

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚 ]
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑗𝑗 = min[� 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑗𝑗
𝑖𝑖

𝐺𝐺𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 � , 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑖𝑖−1

−

−

𝐸𝐸𝑆𝑆𝐹𝐹𝐺𝐺𝐺𝐺 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑗𝑗

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑗𝑗
𝑖𝑖

+

+

𝑗𝑗

𝑧𝑧 ∗ 𝑖𝑖 =

𝑝𝑝 𝑖𝑖

𝑖𝑖

𝑤𝑤𝑤𝑤

𝑗𝑗

𝐾𝐾 𝑈𝑈∗ 𝑖𝑖

𝑗𝑗

𝑈𝑈∗ 𝑖𝑖𝑗𝑗 = �𝑔𝑔 𝐻𝐻𝑖𝑖 𝑆𝑆𝑗𝑗 �

0.5

(A.13)

𝐷𝐷𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑗𝑗 �

𝐷𝐷𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑗𝑗
𝑖𝑖

𝑚𝑚𝑚𝑚𝑚𝑚 ]
𝑏𝑏
𝐸𝐸𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 = min[𝑎𝑎𝐵𝐵𝐵𝐵𝐵𝐵 �𝜏𝜏𝑓𝑓 𝑗𝑗 − 𝜏𝜏𝑐𝑐𝑐𝑐 𝐵𝐵𝐵𝐵𝐵𝐵 𝑗𝑗 � 𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 ∆𝑡𝑡, 𝑇𝑇𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 , 𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 ]
𝑖𝑖
𝑖𝑖
𝑗𝑗
𝑗𝑗
𝑗𝑗
𝑗𝑗
𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏 𝑖𝑖 = 𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏 𝑖𝑖−1 + 𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏 𝑖𝑖−1 − 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏 𝑖𝑖−1
𝑏𝑏
𝐸𝐸𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 = min[𝑎𝑎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 �𝜏𝜏𝑓𝑓 𝑗𝑗 − 𝜏𝜏𝑐𝑐𝑐𝑐 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑗𝑗 � 𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 ∆𝑡𝑡, 𝑇𝑇𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 ]
𝑖𝑖
𝑖𝑖
𝜔𝜔 ∆𝑡𝑡
𝑗𝑗
𝑗𝑗
𝑗𝑗
𝐷𝐷𝑖𝑖 = 𝑠𝑠𝑗𝑗 𝑗𝑗 (𝑆𝑆𝑆𝑆𝑖𝑖−1 − 𝑇𝑇𝑇𝑇𝑖𝑖 )
𝐾𝐾 𝐻𝐻

(A.12)

+

,

(A.14)
(A.15)
(A.16)
(A.17)
(A.18)
(A.19)
(A.21)
(A.22)
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𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑎𝑎𝑛𝑛𝑛𝑛 𝑖𝑖𝑗𝑗 =

𝑗𝑗

𝑗𝑗−1

(𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑖𝑖 +𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑖𝑖

)∗∆𝑡𝑡

𝑗𝑗
𝑗𝑗−1
∑𝑁𝑁
)
𝑘𝑘=1(𝐸𝐸𝑖𝑖 (𝑘𝑘) +𝐸𝐸𝑖𝑖
(𝑘𝑘)

𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑗𝑗 = 1 − 𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑖𝑖𝑗𝑗

∗ (1 − 𝐸𝐸𝐸𝐸𝐸𝐸)

(A.23)
(A.24)

6.9 APPENDIX III: LIST OF SYMBOLS
ρw
=
density of fluid
ρbank
=
density of bank sediment
=
density of SFGL sediment
ρSFGL
𝑗𝑗
𝑃𝑃𝑖𝑖
=
wetted peremeter
𝑗𝑗
𝐵𝐵𝑖𝑖
=
channel width
𝑗𝑗
𝐸𝐸𝐸𝐸𝑖𝑖
=
erosion/deposition from/to the banks
Exf
=
sediment exchange factor
j
=
a particular stream-reach
i
=
a particular time step
k
=
the sediment source
N
=
number of sediment sources
𝑆𝑆𝑆𝑆
=
mass of sediment
E
=
erosion
D
=
deposition
Qss in
=
sediment flow rate in the reach
Qss up
=
sediment flow rate in the reach from the uplands
=
sediment flow rate out of the reach
Qss out
Sbed
=
mass of bed sediments
∆𝑡𝑡
=
the time step
𝑇𝑇𝑐𝑐
=
transport capacity
𝐶𝐶𝑇𝑇𝑇𝑇
=
transport capacity coefficient
𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ
=
length of the spatial step
k
=
a particular sediment source
𝑎𝑎𝑘𝑘
=
erodibility of the source
𝑆𝑆𝑆𝑆
=
surface area of the sediment source
S
=
supply of a sediment source
𝐶𝐶𝜏𝜏(1)
=
coefficient accounting for the difference between bed and banks
erosion
H
=
flow depth
R
=
hydraulic radius
u
=
flow velocity
𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹
=
supply to the SFGL layer
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
supply to the SFGL sediment layer
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
supply to the SFGL biofilm layer
𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏
=
supply to the bed layer
z*
=
rouse number
U*
=
friction velocity
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PUpland
PBed
Cτ(2)
Ctc(low)
Ctc(high)
ωs
κ
DSFGL, max
td
GSFGL, Bio
τcr(sfgl)
τcr(bed)
τcr(bank)
a(sfgl)
a(bed)
a(bank)
kss
ks
Nreach
ϴ
Bupper
Blower
nupper
nlower
Supper
Slower
Lreach, upper
Lreach, lower
Hbank, upper
Hbank, lower
Qboundary, upper
Qboundary, lower
Kp

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

percent of exported sediment from the uplands
percent of exported sediment from the bed
shear stress coefficient for unsteady flow
transport capacity coefficient for low flows
transport capacity coefficient for high flows
mean settling velocity of suspended material
von Karmen coefficient
maximum depth of SFGL
development time of the SFGL layer
generation rate of SFGL biofilm
critical shear of the SFGL source
critical shear of the bed source
critical shear of the bank source
erodibility of the SFGL source
erodibility of the bed source
erodibility of bank source
sediment routing coefficient
flood wave coefficient
number of reaches in the stream segment
bank sideslope
channel bottom width, upper catchment
channel bottom width, lower catchment
manning's coefficient, upper catchment
manning's coefficient, lower catchment
channel slope, upper catchment
channel slope, lower catchment
channel length, upper catchment
channel length, lower catchment
bankfull depth, upper catchment
bankfull depth, lower catchment
boundary flow, upper catchment
boundary flow, upper catchment
settling depth coefficient
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Table 6.1. High-resolution data used to simulate instream connectivity, continuity, and
sediment flux.
Data Type
Digital Elevation Model
Total Suspended Solids Samples
Turbidity

Resolution
1.5 m by 1.5 m
7 hours
15 minutes

Upland Flux Simulation

15 minutes

Upland Connectivity Simulation

15 minutes

Stream Bathymetry

Reach

Discharge
Precipitation

15 minutes
Hourly
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Collection Method
LiDAR (KYAPED, 2014)
Teledyne ISCO Sampler
YSI 6-Series Optical Sensor; YSI
EXO Series Optical Sensor
Connectivity
model
(see
Mahoney et al., 2020a,b)
Connectivity
model
(see
Mahoney et al., 2020)
Field reconnaissance, remote
sensing
USGS Gage 03289000
NOAA Lexington Bluegrass
Airport Station

Table 6.2. Connectivity and continuity model inputs and parameters.
Parameter

Description

Units

Density of fluid

Value/Parameter
Range
1000

ρw
ρbank

Density of bank sediment

1500

kg m-3

ρSFGL

Density of SFGL sediment

1,000

kg m-3

Cτ(2)

Shear stress coefficient for unsteady flow

1-100

Unitless

Ctc(low)

Transport capacity coefficient for low flows

6.0 x 10-7- 4.0 x 10-6

m1/2 s2 kg-1/2

Ctc(high)

Transport capacity coefficient for high flows

6.0 x 10-7- 4.0 x 10-6

m1/2 s2 kg-1/2

ωs

Mean settling velocity of suspended material

0.00036-0.00240

m s-1

κ
DSFGL, max

Von Karmen coefficient
Maximum depth of SFGL

0.4
0.001-0.010

Unitless
m

td

Development time of the SFGL layer

300-3000

s

GSFGL,Bio

Generation rate of SFGL biofilm

1.81 x 10

kg m-2 s-1

τcr(sfgl)

Critical shear of the SFGL source

0.024-1.20

Pa

τcr(bed)

Critical shear of the bed source

1.0-10.0

Pa

τcr(bank)

Critical shear of the bank source

10.0-93.0

a(sfgl)

kg m-3

-9

Pa

Erodibility of the SFGL source

1.0 x 10 -1.0 x 10

-2

kg Pa-2 m-2 s-1

a(bed)

Erodibility of the bed source

1.0 x 10-5-1.0 x 10-3

kg Pa-2 m-2 s-1

a(bank)

Erodibility of bank source

1.0 x 10-6-2.0 x 10-4

kg Pa-2 m-2 s-1

kss

Sediment routing coefficient

0.00-0.50

Unitless

Nreach

Number of reaches in the stream segment

181, 362

Unitless

Kp

Settling depth coefficient

0.10-1.0

Unitless

ϴ
B
n
S

Bank sideslope
Channel bottom width
Manning's coefficient
Channel slope

16.9
Varies
0.03
Varies

°
m
Unitless
m m-1

Lreach

Channel length

Varies

m

Hbank, upper

Bankfull depth

Varies

m

Qboundary

Boundary flow

Varies

m3 s-1

Ased

Upland sediment attenuation coefficient

0.0-10.0

Unitless

βSFGL

SFGL barrier threshold coefficient

0.0-1.0

Unitless

βBed

Bed barrier threshold coefficient

0.0-1.0

Unitless

βBank

Bank barrier threshold coefficient

0.0-1.0

Unitless

λSlope

Slope threshold coefficient

Varies

m3 s-1 m-2

-4
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Table 6.3. Representative reach structural properties.
Reach
Slope
Width
Length
Sinuosity L:W
Number
(m m-1) (m)
(m)
(m m-1)
(m m-1)
275 0.0026
10
167
1.09
16.66
276 0.0035
10
17
1.09
1.71
277 0.0075
10
44
1.08
4.40
278 0.0165
10
20
1.08
1.95
279 0.0033
10
20
1.06
2.02
280 0.0088
10
10
1.06
0.95
281 0.0006
10
185
1.22
18.48
282 0.0105
10
54
1.22
5.43
283 0.0028
10
198
1.19
19.82
284 0.0028
10
26
1.19
2.64
285 0.0020
10
139
1.16
13.92
286 0.0046
10
29
1.16
2.95
287 0.0001
10
48
1.09
4.82
288 0.0020
10
18
1.09
1.84
289 0.0001
10
63
1.13
6.32
290 0.0115
10
18
1.13
1.81
291 0.0002
13
369
1.20
28.39
292 0.0170
13
16
1.20
1.22
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Morphology
Pool
Riffle
Pool
Riffle
Pool
Riffle
Pool
Riffle
Pool
Riffle
Pool
Riffle
Pool
Riffle
Pool
Riffle
Pool
Riffle

Table 6.4. Optimal parameter values for upland connectivity model and instream
connectivity and continuity model.
Parameter

Description

Value/Parameter Range

Units

Cτ(2)

Shear stress coefficient for unsteady flow

85

Unitless

Ctc(low)

Transport capacity coefficient for low flows

4 x 10

-6

m1/2 s2 kg-1/2

Ctc(high)

Transport capacity coefficient for high flows

4 x 10-6

m1/2 s2 kg-1/2

ωs

Mean settling velocity of suspended material

0.00079

m s-1

κ

Von Karmen coefficient

0.4

Unitless

DSFGL, max

Maximum depth of SFGL

0.002

m

td

Development time of the SFGL layer

1010

GSFGL,Bio

Generation rate of SFGL biofilm

1.81 x 10

τcr(sfgl)

Critical shear of the SFGL source

0.11

Pa

τcr(bed)

Critical shear of the bed source

5.68

Pa

τcr(bank)

Critical shear of the bank source

12.69

a(sfgl)

s
kg m-2 s-1

-9

Pa

Erodibility of the SFGL source

7.54 x 10

-3

kg Pa-2 m-2 s-1

a(bed)

Erodibility of the bed source

5.84 x 10-4

kg Pa-2 m-2 s-1

a(bank)

Erodibility of bank source

1.64 x 10-4

kg Pa-2 m-2 s-1

kss

Sediment routing coefficient

0.35

Unitless

Kp

Settling depth coefficient

0.98

Unitless

Ased

Upland sediment attenuation coefficient

5

Unitless

βSFGL

SFGL barrier threshold coefficient

0

Unitless

βBed

Bed barrier threshold coefficient

0.02

Unitless

βBank
λSlope

Bank barrier threshold coefficient

0.25
������������
𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝚥𝚥 +

Unitless

Slope threshold coefficient

257

4 ∙ 𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑗𝑗

m3 s-1 m-2

Figure 6.1. Upper South Elkhorn watershed. The Upper South Elkhorn watershed (61.4
km2) is located in the Kentucky River Basin of Kentucky, USA. We discretized the
watershed into 181 catchments based on the location of bedrock outcrops. USGS gage
0328900 and the University of Kentucky SENSE station monitor water quality and
discharge at the watershed outlet.
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Figure 6.2. Upper South Elkhorn geospatial data including: (a) elevation (KYAPED,
2014); (b) slope (m m-1); (c) land cover and land use (NLCD, 2007); and (d) lithology.
Bedrock consists primarily fossiliferous limestone with interbedded shale. Land use is
approximately 55% agriculture and forest and 45% urban land.
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Figure 6.3. Model evaluation procedure. Upland sediment erosion and connectivity is
predicted following methods presented in Mahoney et al., (2020).
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Figure 6.4. Identification of bedrock outcrops, pools and riffles in the Upper South Elkhorn watershed from WAVES visual
assessment. 181 catchments and 362 reaches were identified in the Upper South Elkhorn watershed based on the location
of bedrock outcrops that form pools (odd numbered reaches) and riffles (even numbered reaches) using the WAVES
protocol. Each catchment consists of one pool and one riffle, which were explicitly represented during instream sediment
modeling. We show several representative reaches in the watershed and a bedrock outcrop, as identified during field
reconnaissance.
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Figure 6.5. Conceptual model of stream hydraulics and sediment transport controlled by
bedrock outcrops derived from WAVES field assessment. Bedrock outcrops are highlighted
in red. WAVES assessment identified greater amounts of stored SFGL and bed sediments
in pools upstream of bedrock outcrops compared to riffles downstream of bedrock
outcrops, which is reflected in the figure. (a) Stream profile during low-magnitude
hydraulic regimes. Bedrock outcrops function as downstream hydraulic controls that form
upstream pools with locally flat gradients where erosion is limited and deposition is
promoted. Riffles form downstream of bedrock outcrops with relatively high velocity and
low depth. Generally, only erosion of the SFGL is possible due to low supply of bed
sediment in riffles and low transport capacity in the pools. Bed and bank sediment are
relatively immobile. (b) Stream profile during medium-magnitude hydraulic regimes.
Bedrock outcrops continue to function as downstream hydraulic controls, however stream
depth and surface gradient in pools is generally increased. Erosion of SFGL and bed
sediment in both riffles and pools is possible. (c) Stream profile during high-magnitude
hydraulic regimes. Bedrock outcrops no function as barriers of sediment transport. Erosion
of SFGL, bed, and bank sediment is possible. Deposition can occur when suspended
sediment is greater than stream transport capacity.
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Figure 6.6. Comparison of observed erosion identified during WAVES field reconnaissance
with total erosion simulated over the entire study period. Hotspots of instream erosion are
shown in red. (a) Observed erosion index determined using the WAVES protocol for the
entire Upper South Elkhorn watershed. (b) Observed erosion index for representative
reaches in the Upper South Elkhorn. (c) Total simulated erosion (kg m-1) normalized by
reach length in representative reaches throughout the simulation period.
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Figure 6.7. Comparison of observed deposition identified during WAVES field
reconnaissance with total deposition simulated over the entire study period. Hotspots of
instream deposition are shown in red. (a) Observed deposition index determined using the
WAVES protocol for the entire Upper South Elkhorn watershed. (b) Observed deposition
index for representative reaches in the Upper South Elkhorn. (c) Total simulated deposition
(kg m-1) normalized by reach length in representative reaches throughout the simulation
period.
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Figure 6.8. (a) Index of connectivity (Borselli et al., 2008; Crema and Cavalli, 2018)
results for the Upper South Elkhorn watershed. (b) Instream IC results for the
representative study reaches.
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Figure 6.9. Simulated and observed sediment flux at the outlet of the Upper South Elkhorn watershed. (a) Observed and
simulated results using 362 reaches with explicit representation of riffles and pools for the entire simulation period between
August 2017 and February 2019. (b) Observed and simulated results using 181 reaches with implicit representation of riffles and
pools for the entire simulation period between August 2017 and February 2019. (c) Observed and simulated results for the period
between May and July 2018 for the simulation with 362 reaches. (d) Observed and simulated results for the period between May,
2018 and July 2018 for the simulation with 181 reaches.
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Figure 6.10. 𝑃𝑃(𝛾𝛾) results at multiple representative reaches during the May, 2018 event
including two pools and two riffles. Reach locations are shown in Fig. 4. (a) 𝑃𝑃(𝛾𝛾) prior to

the event. (b) 𝑃𝑃(𝛾𝛾) during the rising limb of the event. (c) 𝑃𝑃(𝛾𝛾) during the peak of the
event. (d) 𝑃𝑃(𝛾𝛾) during the falling limb of the event.
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Figure 6.11. Time series of sediment flux, 𝑃𝑃(𝛾𝛾), erosion, and deposition for representative
reaches 281 (pool) and 282 (riffle) during the event occurring between May 5 and May 9.

A bedrock outcrop, as shown in Fig. 4 separates reaches 281 and 282. (a) 𝑃𝑃(𝛾𝛾) for reach

281. (b) 𝑃𝑃(𝛾𝛾) for reach 282. (c) Deposition in reach 281. (d) Deposition in reach 282. (e)

Erosion in reach 281. (f) Erosion in reach 282. (g) Sediment flux in reach 281. (h) Sediment
flux in reach 282. (i) Flow depth in reach 281. (j) Flow depth in reach 282.
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Figure 6.12. Probability of connectivity results during the May 5 to May 9, 2018 event for
bed sediments. (a) 𝑃𝑃(𝐶𝐶) results for reach 281 for SFGL sediment. (b) 𝑃𝑃(𝐶𝐶) results for reach

282 for SFGL sediment. (c) 𝑃𝑃(𝐶𝐶) results for reach 281 for bed sediment. (d) 𝑃𝑃(𝐶𝐶) results
for reach 282 for bed sediment.
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Coupling three-dimensional probability of connectivity with sediment continuity
reveals influence of barriers in low gradient bedrock streams. In preparation for
Hydrological Processes.
9. Mahoney, D.T., Clare, E.C., Fox, J.F., Al-Aamery, N., & Ford, W.I.
(approximately 2020). Non-stationary nitrate source and transport identified with
the probability of connectivity theory, watershed modelling, high-resolution
sensors, and data optimization. In preparation for Hydrologic Processes.
10. Mahoney, D.T., Blandford, B., & Fox, J.F. (approximately 2020). Erosion
modelling using the probability of sediment connectivity and RUSLE reveal
pathways and buffers in Appalachian catchments. In preparation for Journal of
Hydrologic Engineering.
11. Mahoney, D.T., Fox, J.F., Husic, A., Al-Aamery, N., & Ford, W.I. (approximately
2020). Connectivity modelling, hysteresis, and sediment fingerprinting: a review of
state-of-the-art tools for connectivity quantification and view for moving forward.
In preparation for Earth Surface Land Processes.
Other Writings
12. Mahoney, D.T. (2017). Sediment transport modelling using dynamic
(dis)connectivity prediction for a bedrock controlled catchment. M.S.C.E. Thesis,
University of Kentucky Department of Civil Engineering, Lexington, KY, USA.
13. Mahoney D.T., Agouridis C.T., & Warner R.C. (2016). Hydrologic Modeling.
University of Kentucky Cooperative Extension Service: AEN-127
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CONFERENCE PRESENTATIONS
1. Husic, A., Fox, J.F., Mahoney, D.T., & Clare, E.C. (2020). High-frequency sensing
of nitrate to improve numerical model performance: insights from an extensively
modeled karst spring, 2020 World Environmental & Water Resources Congress,
EWRI, ASCE, Henderson, NV, May 17-21, 2020.
2. Husic, A., Fox, J.F., Mahoney, D.T., Gerlitz, M., Pollock, E., & Backus, J.
(2019). Optimal Transport for Assessing Nitrate Source and Pathway
Connectivity in a Human-Disturbed Watershed, American Geophysical Union
Fall 2019 Meeting, San Francisco, CA, December 9-13, 2019.
3. Ford, W.I., Fox, J.F., Mahoney, D.T., Erhardt, A., DeGraves, G., & Jensen, A.
(2019). Sediment fingerprinting in lowland confluences of the Ohio River estimates
sediment source provenance from river backwaters versus tributary sediment, 2019
World Environmental & Water Resources Congress, EWRI, ASCE, Pittsburgh, PA,
May 19-23, 2019.
4. Mahoney, D.T., Al-Aamery, N., Fox, J.F., Clare, E.C., & Husic, A. (2019).
Formulation of the probability of connected timing and sediment connectivity
prediction to advance watershed models, 2019 World Environmental & Water
Resources Congress, EWRI, ASCE, Pittsburgh, PA, May 19-23, 2019. Oral
Presentation.
5. Clare, E.C., Mahoney, D.T., Fox, J.F., Al-Aamery, N., & Ford, W.I. (2019). Nitrate
modelling using the probability of connectivity and signal decomposition, 2019
World Environmental & Water Resources Congress, EWRI, ASCE, Pittsburgh, PA,
May 19-23, 2019. Oral Presentation.
6. Clare, E.C., Mahoney, D.T., Fox, J.F., Dunlop, T., Day, S., & Pike, J. (2019).
Continuous nutrient and turbidity sensors reveal the response of watershed sources
connected during storm events, Kentucky Water Resources Annual Symposium,
Lexington, KY, March 25, 2019.
7. Al-Aamery, N., Mahoney, D.T., & Fox, J.F. (2019). Climate change impacts on
sediment transport in a lowland watershed system: controlling processes and
projection, Kentucky Water Resources Annual Symposium, Lexington, KY, March 25,
2019.
8. Mahoney, D.T., Al-Aamery, N., Fox, J.F., Clare, E.C., Dunlop, T., Day, S., & Pike, J.
(2019). Probability of connected timing and sediment connectivity prediction
advances watershed modelling, Kentucky Water Resources Annual Symposium,
Lexington, KY, March 25, 2019. Oral Presentation.
9. Gerlitz, M., Adams, E., Al-Aamery, N., Clare, E., Mahoney, D.T., Fox, J.F., & Husic,
A. (2018). Measuring and Modeling Morphologic Processes in Karst to Sustain Water
Resources in the Future, UK Sustainability Student Poster Contest, Tracy Farmer
Institute for Sustainability and the Environment, Lexington, KY, December 6, 2018.
10. Clare, E.C., Mahoney, D.T., & Fox, J.F. (2018). Spatial and temporal variations of instream nutrient concentrations in similar mixed-use watersheds, Kentucky Water
Resources Annual Symposium, Lexington, KY, March 19, 2018.
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11. Mahoney, D.T., Fox, J.F., Al-Aamery N., & Husic, A. (2018). Advancement in
watershed and sediment transport modeling using dynamic lateral, longitudinal,
and vertical sediment (dis)connectivity prediction, Kentucky Water Resources
Annual Symposium, Lexington, KY, March 19, 2018. Oral Presentation
12. Al-Aamery, N., Mahoney, D.T., & Fox, J.F. (2018). Climate change impacts on
sediment transport in a lowland watershed system: controlling processes and projection,
Kentucky Water Resources Annual Symposium, Lexington, KY, March 19, 2018.
13. Riddle, B., Fox, J.F., and Mahoney, D.T. (2018). Sediment fingerprinting with nonconservative stable isotopes in a lowland catchment to assess nutrient pollution
impacts on water supply, Kentucky Water Resources Annual Symposium, Lexington,
KY, March 19, 2018.
14. Mahoney, D.T., Fox, J.F. & Al-Aamery N. (2017). Advancement in watershed
modelling using dynamic lateral and longitudinal sediment (dis)connectivity prediction,
American Geophysical Union Fall 2017 Meeting, New Orleans, LA, December 11-15,
2017. Poster Presentation.
15. Al-Aamery, N., Fox, J.F., Mahoney, D.T., & Husic, A. (2017). Climate change impacts
on sediment transport in a lowland watershed system: controlling connectivity processes
and projection, American Geophysical Union Fall 2017 Meeting, New Orleans, LA,
December 11-15, 2017. Poster Presentation.
16. Mahoney, D.T., Fox J.F. & Al-Aamery N. (2017). Sediment transport modelling using
dynamic (dis)connectivity prediction for a bedrock controlled catchment, 2017 World
Environmental & Water Resources Congress, EWRI, ASCE, Sacramento, CA, May 2125, 2017. Oral Presentation.
17. Mahoney, D.T., Fox, J.F., Clare, E.C., Kendig, R., & Cambron, A. (2017). WAVES:
A comprehensive visual assessment of watershed sedimentation processes, Kentucky
Water Resources Annual Symposium, Lexington, KY, March 20, 2017. Poster
Presentation.
18. Mahoney, D.T., Fox J.F., and Al-Aamery N. (2017). Sediment transport modeling
using dynamic (dis)connectivity to assess sediment impacts on water supply, Kentucky
Water Resources Annual Symposium, Lexington, KY, March 20, 2017. Oral
Presentation.
TEACHING EXPERIENCE & ADVISING
University of Kentucky Teaching
Co-instructor and Teaching Associate: Department of Civil Engineering 2018 - Present
Course Taught: Watershed Sedimentation (CE 547/BAE 547)
Guest Lecturer: Department of Civil Engineering
Course: Water Quality in Surface Waters (CE 653/BAE 653)
Course: Water Resources Engineering (CE 461G)
Graduate Teaching Assistant: First-Year Engineering Program
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2019
2016, 2017
2017

Courses Taught: Fundamentals of Engineering Computing and Introduction to
Engineering for Graduate Students (EGR 102-002, EGR 102-003, EGR 102-004,
EGR 102-010, EGR 102-011, EGR 102-012, EGR 112-001)
2017

Graduate Teaching Assistant: Department of Civil Engineering

Courses Taught: Watershed Sedimentation and Introduction to Fluid Mechanics
(CE547/BAE 547, CE 341)
Invited Lectures
Organization: University of Kentucky Department of Plant and Soil Sciences Nov. 2019
Presentation Title: Modelling and Monitoring Instream Nitrate Cycling
Organization: University of Kansas Department of Civil, Environmental, and
Oct. 2019

Architectural Engineering

Presentation Title: Assessing Sediment Connectivity at the Watershed Scale
NSF-Funded Research Experience for Undergraduates SENSE Program Teaching
2018, 2019

Graduate Teaching Associate
Mentoring and Advising

1. Leonie Bettel
June 2019 - Present
Study of nutrient transport and fate in karstic watersheds using stable isotopes and
high-resolution nitrate sensing. Student continued on to pursue PhD in CE at the
University of Kentucky.
2. Noah Smith
Jan. 2019 - Present
Study of sediment sources via stable carbon and nitrogen isotopes at the watershed
scale in Kentucky, USA. Student continued on to pursue MBA at the University of
Kentucky.
3. John Pike
Jan. 2018 - Present
Study of water quality and sensor maintenance and data analysis for agricultural
watersheds in Kentucky, USA. Student continued on to pursue MSCE at the
University of Kentucky.
4. Frank England
May 2018 - Aug. 2018
Study of water quality and total suspended solids at the watershed scale;
implementation of mobile sensor platform in agricultural watersheds in Kentucky,
USA.
5. Thomas Dunlop

Jan. 2018 - May 2019
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Study of total suspended solids and water quality using high-resolution sensors in
the agro-karstic watersheds. Student continued on to pursue MSCE at the University
of Kentucky.
6. Stephen Day
Jan. 2018 - May 2019
Fabrication of platform for advanced sensors in agricultural watersheds and study
of data quality assurance. Student continued on to pursue MSCE at the University
of Kentucky.
7. Isaac Weddington
Jan. 2017 - Dec. 2017
Study of water quality using advanced sensors and grab sampling in agro-karstic
watersheds in Kentucky, USA.
8. Gabriel Draughon
Aug. 2016 - May 2017
Study of water quality and sensor network implementation in agro-karstic
watersheds in Kentucky, USA. Student continued on to purse PhD in CE at
University of Michigan.
9. Evan Clare
Aug. 2016 - May 2017
Study of water quality and nutrient dynamics in agro-karstic watersheds using
stable isotopes, water quality sensors, and grab sampling. Student continued on to
pursue MSCE at the University of Kentucky.
10. Rachel Kendig
Aug. 2016 - May 2017
Study of water quality using field reconnaissance in the agricultural watersheds in
Kentucky, USA.
11. Aaron Cambron
Aug. 2016 - May 2017
Study of sediment transport in agricultural watersheds using field reconnaissance
and GIS. Student continued on to pursue MSCE at the University of Kentucky.
SERVICE AND PROFESSIONAL ACTIVITIES
Professional Service
1. Peer Reviewer
Journal of Hydraulic Engineering reviewer.

2020 – Present

UK College of Engineering Service
2. Discover What’s Wildly Possible: Pathways in Civil Engineering 2019 - Present
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3.
4.
5.

6.

7.

Seminar committee member; organized seminar series to highlight career
journeys of civil engineers and civil engineering faculty.
University of Kentucky Environmental & Water Resources Institute 2019 - Present
President; led and organized meetings, served as chapter liaison, etc.
University of Kentucky American Water Works Association (AWWA) 2019 Present
President; led and organized meetings, served as chapter liaison, etc.
University of Kentucky Design Week
2019
Jury member; helped judge UK Design Week competition for landscape
architecture and civil engineering students. Students presented stream
restoration design for local development.
University of Kentucky Wildcat Cage
2019
Presenter; pitched the idea of a water-resources outreach “Water Wagon” to
local engineering firms in University-wide competition. Project was funded
$1,500.
University of Kentucky Water Week
2018 - 2019
Volunteer; assisted with University of Kentucky Water Week planning and
preparation for the 2018 and 2019 terms.

8. University of Kentucky Environmental & Water Resources Institute2017 - 2019
Secretary; recorded chapter minutes and photographed events, assisted with
yearly reports.
9. University of Kentucky American Water Works Association (AWWA) 2017 - 2019
Secretary; recorded chapter minutes and photographed events, assisted with
yearly reports.
10. University of Kentucky Engineering Day (E-Day)
2016 - 2019
Volunteer; helped set up and run Engineering Day activities at the University
of Kentucky for young students interested in engineering.
11. Excellence in Teaching (Lutes) Award
2018
Award Selection Committee Member; served as graduate student representative
for the selection committee of the highest award the College of Engineering
bestows on a faculty.
12. University of Kentucky Graduate Student Congress
2017 - 2018
Department of Civil Engineering Representative; represented civil engineering
department at meetings and promoted interests of graduate students in civil
engineering.
13. University of Kentucky Graduate Student Congress
2017 - 2018
Internal Affairs Committee Member; assisted in financial analysis and coauthored report highlighting graduate student salaries.
14. Water for Life
2017
Volunteer; assisted with public outreach regarding water quality and ecosystem
health.
15. Kentucky Society of Professional Engineers Student Chapter
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2014 - 2015

Treasurer; maintained budget for the KSPE student chapter during the school
year.
University of Kentucky Service
16. Upsilon Kappa Chapter Phi Gamma Delta Board of Chapter Advisors 2016 - 2018
Member; advised undergraduate fraternity members in regard to philanthropy
and service at the University of Kentucky.
17. University of Kentucky Bluegrass Ensemble
2014 - 2016
Mandolinist; performed with the University of Kentucky Bluegrass Ensemble.
Performed at UK’s world music concerts and various campus functions.
18. Upsilon Kappa Phi Gamma Delta Chapter
2014 - 2015
President; served as chief liaison for the undergraduate chapter of Phi Gamma
Delta at the University of Kentucky.
19. Upsilon Kappa Phi Gamma Delta Chapter
2013 - 2014
Historian; maintained minutes and chapter history for the undergraduate
chapter of Phi Gamma Delta at the University of Kentucky.
20. University of Kentucky K-Week
2012 - 2013
K-Crew Leader; led/mentored incoming freshmen for the University of
Kentucky’s K-Week orientation and throughout the school year. Recognized as
one of the top three K-Week groups.
21. Upsilon Kappa Phi Gamma Delta Chapter
2012 - 2015
House Manager; served as liaison between house members and the house
corporation; conducted house maintenance and upkeep.
Non-University Public Service
22. Habitat for Humanity
2012 – 2018
Volunteer; organized groups and volunteered for Habitat for Humanity projects
in Lexington, KY.
23. Kentucky Educational Television (KET) telethon
2012 – 2015
Volunteer; assisted with answering phone calls during telethon to raise money
for KET.
24. Relay for Life
2013, 2015Participant; raised $200 for Relay for Life, a fundraiser for
cancer research.
25. BonnaMu Philanthropy Event
2014
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Organizer and judge; a “battle of the bands” competition that raised nearly
$5,000 in support of the American Red Cross and Children’s Miracle Network.
26. DanceBlue
2012
Participant; raised $350 for the University of Kentucky dance marathon
funding pediatric oncology research.
INDUSTRY EXPERIENCE
Project Engineer Intern, Stantec INC.
2015 - 2016
• Assisted in modelling a hydraulic network to de-water coal residual landfills in
Tennessee and Alabama.
• Developed scour and erosion protection alternatives for river embankments.
Project Engineer Intern, HMB Professional Engineers INC.
• Assisted in roadway design; determined cut and fill volumes.
• Reviewed and edited plan sheets and specifications.
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2011 - 2012

